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Summary 
Organic radicals are emerging as promising materials in optics and optoelectronics thanks to their 

open-shell configuration. In this framework, the aim of this Thesis is the development of highly 

luminescent and photostable trityl radicals. 

In Chapter I, after an overview on luminescence, the unique optical properties of carbon-centred 

free-radicals will be introduced, focusing on the strengths and perspectives offered by these 

molecules in fluorescence microscopy and electroluminescence devices.  

In Chapter II, a study on the optical properties of the tris(2,4,6-trichlorophenyl)methyl radical 

(TTM) and perchlorotriphenylmethyl radical (PTM) when used as emitting specie in organic 

nanoparticles (ONPs) and polymeric films will be presented. Indeed, despite the good knowledge 

about the luminescence properties of trityl radicals in solution, no systematic studies are reported 

about the effect of the confinement of radicals in organic rigid matrices. As host systems the 

optically neutral tris(2,4,6-trichlorophenyl)methane (TTM-αH) and poly(methylmethacrylate) for 

ONPs and films respectively, have been chosen. Particularly interesting is the case of TTM doped 

ONPs (TTMd-ONPs) in which, for the first time for a carbon-centred free-radical, it has been 

observed the formation of excimers. Both systems become particularly interesting because for the 

first time, excimeric emissions from carbon centered free-radicals will be observed due to the 

formation of stable and persistent supramolecular radical-pairs. Thanks to their emission in the 

red-NIR region (650-800 nm), these free-radical excimer-forming materials become promising 

molecular materials for bioimaging and optoelectronics applications 

In Chapter III, the processes which explain the association and dissociation of TTM excimers 

(molecular structure, nature of the host, thermal effects) will be studied. In particular, it will be 

found that TTMd-ONPs offer the possibility to be employed as cost-effective, ratiometric 

nanothermometer. In this framework, the ratiometric output of 20% TTMd-ONPs water 

suspension has been studied in different conditions of polarity, ionic strength and pHs, in order to 

test its possible applicability as bio thermal sensor. 

Finally, in Chapter IV it will be presented the synthesis of a new class of radicals, i.e. 

polybromotriphenylmethyl radicals. This new molecule constitutes the perfect building block for 

the synthesis of highly luminescent and photostable trityl radicals. In fact, thanks to its three para 

bromine functionalizations, this new radical allows to easily overcome the poor synthetic 

versatility of polychlorotriphenylmethyl radicals. Moreover, compared to the analogous 

chlorinated specie, the tris(2,4,6-tribromophenyl)methyl radical (TTBrM) exhibits a red-shifted 

absorption and emission, a higher photostability, and it is able to form NIR-excimers when 

dispersed in ONPs, constituting a promising radical for bio-imaging applications.  
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Chapter I 
Introduction and Objectives 
 
 
1.1 Overview on Luminescence 

From sensing to lighting, luminescence is one of the most studied photophysical process 

due to the variety of its possible applications. Molecular luminescence is the product of 

the radiative decay of one electron from an excited to the ground state. The promotion 

of an electron onto an excited state is a necessary condition in order to have 

luminescence. Such excitation can occur essentially in two ways: through light-matter 

interaction with the consequent absorption of photons with the opportune energy, or 

through charges injection, electrons and holes, in the lowest unoccupied molecular orbital 

(LUMO) and highest occupied molecular orbital (HOMO) respectively. The luminescence 

due to the former condition is called photoluminescence (PL), while the one obtained by 

the latter condition is called electroluminescence (EL). There are also other kinds of 

luminescence processes like thermo- or chemiluminescence, but they will not be discuss 

in this Thesis. PL and EL present several analogies but, as we will see, also some peculiar 

characteristics that determine different considerations in the phase of the material 

design. 

 

1.2 The Jablonski Diagram 

1.2.1 Absorption 

A good modelling of the photophysical processes induced by light-matter interaction with 

an isolated polyatomic organic molecule in solution, is provided by the Jablonski diagram 

(Scheme 1.1). Although in the Jablonski diagram are represented the principal 

photophysical processes for an isolated molecule, it can be also extended to organic 

solids. When we have an excitation in an organic solid, this induces a reorganization of the 

neighboured molecules which are partially polarized, determining a collective response of 

the material to the excitation called exciton.1  Since the intermolecular interactions are 

usually weak in organic materials, excitons are strongly localised, usually are localized on 

the molecule that constitutes the building-block of the solid. 

The Jablonski diagram is a graphical representation of the molecular orbitals of the 

fluorophore, where the 𝑆0 level represent the HOMO, 𝑆1 level is the LUMO, the 𝑆2 level is 

the LUMO+1, etc. In the notation used in the diagram, the letter associated to a level (𝑆, 𝑇, 

etc.) indicates the multiplicity of the orbital, given by the equation: 

𝑀 = 2𝑆 + 1                                                       Equation 1.1 



3 
 

Where S = ∑𝑠𝑖, with si = ±
1

2
, is the total spin angular momentum. 

Specially, the letter “𝑆” denotes a “singlet” state, a state in which the spin angular 

momentum is 0 since the two valence electrons follow the Pauli exclusion principle (𝑀 =

1), while the letter “𝑇” denotes three isoenergetic “triplet” states (which split applying a 

magnetic field), in which the spin angular momentum is 1 (𝑀 = 3). 

 

 

Scheme 1.1: the Jablonski diagram.2 

 

To each of these molecular orbitals are associated several vibrational energy levels 

(𝑆0−0, 𝑆0−1, 𝑆0−2, etc.) populated according to the Boltzmann law: 

𝑁1
𝑁0
⁄ = exp[−(𝐸1 − 𝐸0) 𝑘𝑇⁄ ]                                Equation 1.2 

Where 𝑁1 𝑁0⁄  is the ratio of molecules in the 𝑆0−1 and 𝑆0−0 vibrational levels with energy 

𝐸1and 𝐸0 respectively, 𝑘 is the Boltzmann constant and 𝑇 is the absolute temperature. At 

the room temperature we can considered populated almost the less energetic vibrational 

level 0. 

The vertical rising arrows in the Jablonski diagram represent the absorption of light. In a 

first approximation, not considering multi-photon processes,3 a polyatomic molecule will 

be able to absorb all the frequencies 𝜐𝑖 of the incident light which are resonant with an 
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electronic transition between two molecular orbitals  (ΔΕ𝑖 = 𝑆𝑖 − 𝑆0, with 𝑖 = 1,2, … , 𝑛). 

The minimum difference in energy between two orbitals having the same multiplicity (spin 

selection rule) represents the energy gap of the material: 

 ΔΕ = 𝑆1 − 𝑆0 = ℎ𝜐0−1                                         Equation 1.3 

The efficiency of the absorption of the light at a frequency 𝜐  is characterized by the 

absorbance 𝐴(𝜐): 

𝐴(𝜐) = 𝐿𝑜𝑔
𝐼𝜐
0

𝐼𝜐
= 𝜀(𝜐)𝐿𝐶                                             Equation 1.4 

Where 𝐼𝜐
0 and 𝐼𝜐 represent the light intensities of the beams at the frequency 𝜐 entering 

and leaving the absorbing medium respectively, 𝜀(𝜐) is the molar extinction coefficient 

[L∙mol-1∙cm-1], L is the absorption-path length [cm] and C  is the concentration [mol∙L-1]. 

The Equation 1.4 is called Lambert-Beer law, and it is valid in a range of absorbance 0.1 ≤ 
A(ν) ≤1. 

From the classical point of view, a molecule absorbing light can be modelled as an 

oscillating  dipole,2 so the intensity of the absorption band can be used in order to identify 

a new parameter called oscillator strength 𝑓, given by: 

𝑓 = 2303
𝑚𝑐0

2

𝑁𝐴𝜋𝑒2𝑛
∫ 𝜀(�̅�)𝑑�̅� =

4.32×10−9

𝑛
∫ 𝜀(�̅�)𝑑�̅�                      Equation 1.5 

Where 𝑚 and 𝑒 are the mass and the charge of an electron, respectively, 𝑐0 is the speed 

of light in the vacuum, 𝑛 is the refraction index of the medium, and �̅� is the wavenumber 

[cm-1]. 𝑓 is a dimensionless and normalized parameter, so the closer is 𝑓 to 1, the higher 

will be the 𝜀. 

The intensity of the transition is affected by the typology of the orbital involved in the 

absorption process: after the absorption of one photon, a frontier electron moves from a 

fully occupied bonding orbital (𝜎, 𝜋) or a non-bonding orbital (𝑛), to an anti-bonding 

orbital (𝜎∗, 𝜋∗). Usually, for  𝑛 ⟶ 𝜋∗ transitions,  𝜀 are in the order of few hundreds while 

for 𝜋 ⟶ 𝜋∗  transitions 𝜀  and 𝑓  are much higher (except for symmetry-forbidden 

transitions), achieving 𝜀 ∽ 105.2 

The promotion of an electron to an anti-bonding orbital is an extremely fast process, in 

the order of ~ 10-15 s. The approximation of Born-Oppenheimer, based on the observation 

that the mass of electron is much smaller than the one of the nucleus, considers the 

position of the nuclei unaffected during the electronic transition; in fact, a molecular 

vibration occurs in ~10-12 s.  
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Figure 1.1: Representations of the Franck-Condon principle and the resulting absorption spectra. The two 

described molecular systems represent molecules in which the nuclear configuration of the excited state is 

different from the one of the ground state. 

 

This approximation is at the basis of the Franck-Condon principle. A graphic 

representation of the Frank-Condon principle is given in Figure 1.1. The electronic 

transition occurs at the equilibrium bond length of nuclei in the ground state (vibrational 

0 level), and terminates where the vertical line intersects the potential energy curve of 

the lowest excited state (Figure 1.1). After the transition, the excited molecule begins to 

vibrate at an energy corresponding to the intersection, with the consequent 

rearrangement of the nuclei and the vibrational relaxation of the excited electron onto 

the bottom of the excited state. 

It is possible to obtain also a quantum mechanical formulation of the Franck-Condon 

principle based on the factorization of the 𝜓  and 𝜓′ wavefuntions, the overall 

wavefunctions associated to the initial and final state respectively.4 

The probability amplitude 𝑃 for the transition between these two states is: 

𝑃 = ⟨𝜓′∗|𝝁|𝜓⟩ = ∫𝜓′∗𝝁𝜓𝑑𝜏                                Equation 1.6 

 Where 𝝁 = 𝝁𝑒 + 𝝁𝑁 = −𝑒∑ 𝒓𝑖𝑖 + 𝑒∑ 𝑍𝑗𝑹𝑗𝑗  is the molecular dipole operator given by 

the sum of the electronic and nuclear contribution. 

Now we can express the overall wavefunction 𝜓 as the product of a nuclear wavefunction 

𝜒, an electronic wavefunction 𝜓𝑒 and a spin wavefunction 𝜓𝑠: 

𝜓 = 𝜒𝜓𝑒𝜓𝑠                                                  Equation 1.7 

Introducing the Equation 1.7 in the Equation 1.6, we will find the probability amplitude: 
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𝑃 = ∫𝜒′∗𝜒𝑑𝜏𝑛 ∫𝜓𝑒
′∗𝝁𝑒𝜓𝑒𝑑𝜏𝑒 ∫𝜓𝑠

′∗𝜓𝑠𝑑𝜏𝑠                     Equation 1.8 

The first integral in the Equation 1.8 is the vibrational overlap, called Franck-Condon 

factor, while the second and third integrals describe, respectively, the orbital and the spin 

selection rules. So the most probable transition is the transition in which are respected 

the electronic-spatial and spin selection rules and the Franck-Condon factor is maximum 

(𝑆0−0 ⟶ 𝑆1−1 and 𝑆0−0 ⟶ 𝑆1−4 in the two examples reported in Figure 1.1). 

After the excitation, the electron will reach the bottom of the excited state trough 

vibrational relaxations. 

 

1.2.2 Fluorescence 

A molecule in an electronic excited state can relax onto the ground state or produce 

several photochemical processes like electron transfer, proton transfer, energy transfer, 

excimer and exiplex formation, etc.5 The formation of excimers will be discussed more in 

detail in the Chapter III, while in this Section, we will focus on the radiative relaxation of 

an excited molecule to the ground state (𝑆1 ⟶ 𝑆0), i.e. the fluorescence. 

Before analysing the characteristics of fluorescence, let us consider its competitive 

radiationless mechanisms:  

a. The internal conversion (IC); 

b.  The intersystem crossing (ISC).  

The IC is the non-radiative decay between two states with the same multiplicity (Scheme 

1.1). The loss of energy is given by the collisions with the solvent molecules and 

vibrational relaxation. The time-scale of the process is ~10-11-10-9 s and IC is the process 

responsible of the relaxation from the higher electronic excited states to the 𝑆1state. In 

fact, the IC is the process at the basis of the Kasha’s rule,6 which affirms that all the 

radiative processes derive from the lowest excited state of the molecule (𝑆1−0 in the case 

of fluorescence and 𝑇1−0  for the phosphorescence). The IC can also promote the 

relaxation from 𝑆1to𝑆0, but this process is less efficient compared with the previous one 

as a consequence of the energy gap law.7  

The ISC is a non-radiative transition between two isoenergetic vibrational levels having 

different multiplicity, which occurs in a time-scale of ~10-10 – 10-8 s. This kind of transition 

is spin-forbidden but it is possible in systems with elevate spin-orbit coupling, usually 

molecules in which are present heavy atoms like Br or Pb.2 

Since part of the excited population can be affected by IC or ISC, it is opportune to define 
a fluorescence quantum yield 𝜙𝐹: 

𝜙
𝐹=

⋕𝐸𝑚𝑖𝑡𝑡𝑒𝑑𝑃ℎ𝑜𝑡𝑜𝑛𝑠

⋕𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑𝑃ℎ𝑜𝑡𝑜𝑛𝑠

                                           Equation 1.9 
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𝜙𝐹  is a pure number between 0 (for a completely non-radiative decay) and 1 (for a 

completely radiative relaxation), and in the majority of the cases is independent from the 

excitation wavelength. In fact, due to the Kasha’s rule, the fluorescence spectrum is 

independent from the excitation wavelength, so in the case in which no aggregates or 

impurities are present in solution, the excitation spectrum of a molecule (the spectrum in 

which the emission is detected at a fixed wavelength varying the excitation one), 

resembles the absorption one. The product 𝜀(𝜐) × 𝜙𝐹 is the brightness of the system at 

the frequency 𝜐. 

 The fluorescence spectrum follows the Franck-Condon principle so it is symmetrical to 

the absorption one (“mirror image” rule), but exhibits a red-shift. The difference in energy 

between the maxima of absorption and emission related to the same electronic transition 

is called Stokes shift (Figure 1.2).  

 

Figure 1.2: The mirror image rule between the absorption and emission spectra. The difference in energy 

between the two maxima is called Stokes shift. 

 

This difference in energy is due to the stabilization of the excited state by the interactions 

with the dipole moments of the solvent molecules. For this reason, usually the Stokes shift 

is higher when an increase of the polarity of the solvent occurs. 

The brightness and the Stokes shift are important parameters in fluorescence 

spectroscopy especially for microscopy since they determine, respectively, the intensity 

of the signal and the tendency of the probe to self-absorb the emitted light. For this 

reason, molecules with high brightness and huge Stokes shift are required, in order to 

collect a good signal without the use of an intense excitation power that can induce the 

photodegradation of the probe (photobleaching). 

Even though the emission of a photon is as fast as absorption (~10-15 s), the electron stays 

a certain time in the excited state 𝑆1  (~10-10-10-7 s). In effect, the concentration of a 

generic species 𝐴  in the excited state [𝐴∗] , thus the fluorescence intensity, decays 

exponentially with the time: 
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[𝐴∗] = [𝐴∗]0exp(−
𝑡
𝜏⁄ )                                         Equation 1.10 

With a characteristic time called excited state lifetime 𝜏:  

𝜏 =
1

𝑘𝑟+𝑘𝑛𝑟
                                                          Equation 1.11 

Where [𝐴∗]0 is the concentration of excited molecules generated by a short pulse of light, 

𝑘𝑟  and 𝑘𝑛𝑟  are the rate constant for the radiative and non-radiative processes 

respectively. In particular, 𝑘𝑛𝑟 = 𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶 , if we are not considering other 

intermolecular interactions. Generally, an increment of the temperature affects more the 

non-radiative phenomena (higher number of collision with solvent molecules and an 

increment of the roto-vibrational movements), reducing in this way the 𝜙𝐹. In absence of 

radiationless mechanisms the excited-state lifetime will be: 

𝜏𝑟 =
1
𝑘𝑟
⁄                                                             Equation 1.12 

Where 𝜏𝑟 is called radiative lifetime or natural lifetime. 

Since 𝜙𝐹 is the ratio of the emitted photons on the absorbed one (Equation 1.9), using the 

Equations 1.11 and 1.12, it can be also written as:  

𝜙𝐹 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
= 𝑘𝑟𝜏 =

𝜏
𝜏𝑟⁄                                              Equation 1.13 

 

 

1.2.3 Phosphorescence 

As we have seen in § 1.1.2 one of the possible quenching mechanism for fluorescence is 

the ISC, a horizontal transition between two isoenergetic vibration levels with different 

multiplicity. The origin of this transition is the spin-orbit coupling, which depends from 

the atomic number, 𝑍, as 𝑍4. For this reason, the presence in the molecule of heavy atoms 

favours the ISC. After the ISC, the electron will reach the less energetic vibrational triplet 

state (𝑇1−0) thanks to vibrational molecular relaxations. Once in this state, the electron 

can relax onto the ground state through non-radiative decay, or through a radiative 

mechanism, i.e. the phosphorescence. Due to the spin selection rule, the radiative 

transition is forbidden between two states with different multiplicity and for this reason 

the time-scale of phosphorescence is very large, ~10-6-10 s. 

Due to the smaller difference in energy and long excited state lifetime, phosphorescence 

is usually a low efficient process, so at room temperature it is difficult to observe. 

Nonetheless, phosphorescent materials are, as we will see, a fundamental tool in the field 

of organic optoelectronics. 
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1.2.4 Thermally Activated Delayed Fluorescence and Triplet-Triplet Annihilation 

Thermally activated delayed fluorescence (TADF) and triplet-triplet annihilation are other 

two important phenomena which are exploited specially in electroluminescence, in order 

to overcome the problem associated to the exciton statistics8 (§ 1.3).  

TADF consist in a reverse intersystem crossing (RISC) from 𝑇1 ⟶ 𝑆1 that can occur when 

the singlet-triplet splitting is of the order of the thermal barrier, ~𝑘𝑇, making possible the 

thermal promotion of the electron onto a triplet vibrational excited state resonant with 

𝑆1 (Figure 1.3). The result of the process is the recovery of the fluorescence signal but with 

a much longer lifetime, due to the permanence of the electron on the  𝑇1 state. 

Triplet-triplet annihilation occurs when two molecules in the 𝑇1excited state collide, and 

the collision provide enough energy in order to promote one of them in the 𝑆1excited 

state, exhibiting also in this case a delayed fluorescence. For triplet-triplet annihilation, 

the decay-time constant is the half of the triplet state one, and its intensity grows with a 

quadratic dependence of the excitation light.  

Figure 1.3: Graphical representation of fluorescence, phosphorescence and TADF. In the case of TADF, the 

difference in energy between 𝑆1 and 𝑇1 (singlet-triplet splitting) has to be ~𝑘𝑇. 
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1.3 Materials for Fluorescence Microscopy 

Fluorescence microscopy is one of the most used techniques for the visualization and the 

investigation of biological systems. This technique offers the possibility to visualize and 

quantify events and processes with high spatial and temporal resolution allowing to 

understand complex biological systems. Recently, also thanks to the improvements in 

laser fabrication, new techniques which increase several parameters such as the 

penetration depth inside the biological tissues (confocal microscopy, multi-photon 

microscopy)9,10 or the lateral resolution of the images (super-resolution techniques which 

allow to attain a resolution higher then Abbe’s diffraction limit)11 have been developed. 

In fact, the Nobel Prize for chemistry in 2014 was given to Eric Betzig, Stefan W. Hell and 

William E. Moerner "for the development of super-resolved fluorescence microscopy". 

The implementation of these new techniques imposes the development of new 

fluorescent probes with adequate physicochemical specifications.  

So, an ideal fluorescent probes must present: 

 High brightness (defined as 𝜀(𝜐) × 𝜙𝐹). The probe has to show elevated extinction 

coefficient and fluorescent quantum yield in order to yield an intense output easy 

to be detected; 

 Huge Stokes shift, in order to limit the self-absorption of the light by the probe, 

responsible of the reduction of the emitted intensity (inner-filter effect); 

 Absorption and emission at opportune wavelengths. Different spectral regions are 

responsible of different biological responses. For instance, UV light is cytotoxic12 

while wavelengths in the range 200-600 nm are efficiently absorbed by biological 

tissues which acts as filter both in absorption and in emission, reducing the 

fluorescence signal and giving autofluorescence.13 In order to overcome these 

problems, materials absorbing and emitting in the near infrared (NIR) are 

emerging as promising probes especially for in vivo experiments.14 In fact, spectral 

regions between 650-900 nm and 1000-1450 nm are called first and second  tissue-

transparency windows respectively13,15 because in these regions biological tissues 

exhibits the minima values of absorption (Figure 1.4).  

 

Figure 1.4: Absorbance oxygenated whole blood from 200 nm to 1.8 μm. The optical imaging 

window ranging from 650 to 1450 nm represents the range where tissue penetration is greatest.14  
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One interesting strategy for the development of the long-wavelength emitters 

without the necessity of extended π-systems, as we will see, is the use of excimer-

forming materials;16  

 High photostability. As mentioned in the § 1.2.2, a molecule in the excited state 

can lead to several photophysical processes, which can be irreversible determining 

the photodegradation of the probe (photobleaching). A low photobleaching rate 

is a fundamental parameter in order to monitor the evolution of biological systems 

during a long time-lapse; 
 Low cytotoxicity for in vitro and in vivo applications;  
 High chemical stability; 
  Water solubility or water dispersibility for bio-imaging applications. 

 

Obviously, merging all these properties in only one probe is a hard challenge for chemists 
and material scientists. Therefore, a great variety of solutions have been developed trying 
to optimize all these parameters. The most used probes are organic molecular probes, 
organic nanoparticles (ONPs), quantum dots (QDs), green fluorescent proteins (GFPs), up-
converting rare-earth (Ln+) doped nanoparticles (UCNPs) and dye-loaded silica 
nanoparticles (SiNPs).14  Among all these materials, luminescent ONPs offer several 
advantages, in terms of simplicity of fabrication,17 biocompatibility18 and theragnostic 
applications,19 i.e. the possibility to combine diagnostic and therapeutic functionalities. 

 

1.3.1 Fluorescent Organic Nanoparticles 

It is possible to identify four principal categories of fluorescent ONPs:  

 Carbon-based  nanoparticles (fullerenes,20 nanotubes,21 carbon dots22); 

 Dye-doped nanovesicles.23 A vesicle is defined as a spherical object, with diameter 

varying from few nm up to several microns, consisting of a bilayer (unilamellar) or 

several layers (multilamellar) of amphiphilic molecules which separate a liquid 

compartment (lumen) from the outer surrounding medium.24 Dye, together with 

targeting agents and drugs can be incorporated into the organic bilayer, or can be 

loaded inside the vesicle. 

 Dye-doped ONPs,25 i.e. nanoparticles constituted by an organic matrix (that can be 
functionalized for instance with targeting agents), doped with one or more 
fluorescent probes; 

 ONPs based on the self-assembly of the luminescent organic molecular probe.26–

30 
 
ONPs based on the incorporation or on the self-assembly of fluorescent probes allow to 
overcome the principal drawback of organic molecular fluorophores, i.e. the poor 
solubility in water, the low photostability and the poor contrast. ONPs based on the self-
assembly of the pure fluorophores, however, usually suffer of emission quenching 
phenomena like aggregation-caused quenching (ACQ), which restricts the number of 
possible dyes which can be efficiently employed in the field of bioimaging. In this context 
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are particularly interesting molecules presenting aggregation induced emission (AIE),31 i.e. 
molecules that once in the form of nanoaggregates, increase their luminescence leading 
to very high brightness32 (§2.1).  

 

Figure 1.5: Schematic illustration of multifunctional nanocomposites33 

 

The incorporation of fluorescent dyes in organic matrixes allows to use a huge variety of 
fluorophores, since the dispersion in a rigid host of extended πsystems, usually enhances 
the luminescence of the probe preventing stacking processes (π-π stacking, non-emitting 
ground state dimers,34 etc.) among the emitting molecules. In this way, it is possible to 
tailor the optical properties of the fluorescent probe on the molecular scale. Moreover, 
the matrix can be opportunely chosen in order to present additional properties and 
functionalities (Figure 1.5), such biocompatibility, biodegradation, targeting 
functionalities or drug incorporation,25,35 creating in this way multifunctional 
nanocomposites. 
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1.4 Materials for Organic Optoelectronics 

The first efficient electroluminescent device based on the emission from an organic 

material was developed in 1987 by Tang and VanSlyke,36 and in the last thirty years 

organic light-emitting diodes (OLEDs) emerged as one of the principal technology for 

lighting and display. The current OLED architectures are based on complicated multilayer 

arrays in which are present electrons (EIL) and holes injection (HIL) layers, electrons (ETL) 

and holes (HTL) transporting layers, exciton blocking layers and  an emitting layer 

(EML)37,38 (Figure 1.6). 

 

 

Figure 1.6: Schematic draw of an OLED.  

 

Although all these layers are subjected to continuous optimizations, the most critical issue 

for the development of high-performance OLEDs is the EML. The external efficiency 𝜂𝐸𝑋𝑇, 

so the number of emitted photons for injected electron for an OLED is defined as:39 

𝜂𝐸𝑋𝑇 = 𝜙𝐹𝜂𝐼𝑁𝑇𝜂𝑟𝜂𝑂𝑈𝑇                                                         Equation 1.14 

Where 𝜙𝐹  is the fluorescence quantum yield of the emitting material, 𝜂𝑟  is the 

recombination efficiency, 𝜂𝑂𝑈𝑇 is the fraction of emitted photons which are coupled out 

of the device and 𝜂𝐼𝑁𝑇 is the internal quantum efficiency determined by the exciton spin-

multiplicity statistics. 𝜂𝑟  and 𝜂𝑂𝑈𝑇  can be optimized with an opportune choice of the 

different layers40 and geometry of the device.41 The real limiting factor for the device 

efficiency is the 𝜂𝐼𝑁𝑇  since for a singlet emitter, the exciton spin-multiplicity statistics 

expects a ratio between singlet and triplet excitons of 1:3.42 In fact, using EML based on a 

fluorescent molecules, the electrons can be injected in the singlet state (the only emitting 

one) or in one of the three triplet states (non-emitting due to the low spin-orbit coupling 

of organic molecules), showing a 𝜂𝐼𝑁𝑇 with a theoretical maximum value of 0.25 (Figure 

1.7). Thanks to other processes like the triplet-triplet annihilation44 (§ 1.2.4) it is possible 

to enhance the 𝜂𝐼𝑁𝑇, but for singlet emitters 𝜂𝐸𝑋𝑇 are usually lower than 10%.45 OLEDs 

based on fluorescent emitters belong to the first generation of devices.46 
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Figure 1.7: Exciton spin-multiplicity statistics in OLEDs. The probability to have a singlet exciton, thus 

fluorescence (F) is the 25%. Using a triplet emitters it is possible, with the phosphorescence (P), to have 

the radiative relaxation of the 100% of the injected excitons.43 

 

The second generation of OLEDs is constituted by the phosphorescent OLEDs (PhOLEDs), 

in which, as suggested by the name, the EML is constituted by phosphorescent emitters 

like metal-organic complexes,39,47–50 which show emitting triplet states due to the strong 

spin-orbit coupling. If from one hand the use of triplet emitters allows to attain 𝜂𝐼𝑁𝑇 of 

100%, with values of 𝜂𝐸𝑋𝑇  ~ 20% (these values of  𝜂𝐸𝑋𝑇 are due to the fact the  all the 

parameters in Equation 1.14, due to physical limitations, present values smaller than 1, so 

values 𝜂𝐸𝑋𝑇 of 0.2 can be achieved only if the 𝜂𝐼𝑁𝑇 is almost 1), there are several problems 

related to this kind of devices.37 The first problem is the tunability of the colour, since, 

only few metals like Ir, Pt or Os, show a charge distribution delocalized on the organic 

moiety, allowing in this way to tailor the emission colour changing the organic ligand. The 

world reserves of these metals are limited, so metal-organic complexes are very 

expensive, suffer of ACQ and, moreover, it is still challenging to synthesize deep-blue 

phosphorescent emitters with remarkable device-lifetime.51 

The third generation of OLEDs is based on TADF emitters. Parker et al. were the firsts to 

observe TADF52 from eosin (for this reason the delayed emission derived from the TADF 

process is called E-type fluorescence), but were Adachi and co-workers in 201253,54 the 

first to employ proficiently a simple aromatic compound in a TADF OLED. In 2014 Adachi 

et al. obtained a deep-blue TADF OLED with a 𝜂𝐸𝑋𝑇  = 19.3%, a value comparable with 

PhOLEDs, confirming that TADF materials can realize low-cost and high-performance blue 

OLEDs.46 TADF is currently the most efficient strategy for the developing of high-efficiency 

OLEDs.55,43 Completely organic TADF materials have been synthesize, able to cover the 

emission  from the deep-blue to the orange-red, but efficient deep-red materials still 

remains elusive.56 In literature are reported a few examples of deep-red/NIR TADF pure 

organic molecules (Figure 1.8), but the values of 𝜂𝐸𝑋𝑇 do not exceed the 10%.57,58 
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Figure 1.8: Example of TADF deep-red emitting molecules.57,58 

 

Very recently, as we will see in § 1.5.4, a new solution based on organic radicals has been 

proposed for the development of completely organic deep-red emitters which are able to 

exhibit a 𝜂𝐼𝑁𝑇  of 1. Thanks to their doublet spin-configuration, organic radicals, and in 

particular carbon free-radicals, offer the possibility to overcome the problems associated 

to the exciton spin-multiplicity statistics. 

 

 

1.5 Polychlorotriphenylmethyl Radicals (PTMs) as Fluorescent Radical Emitters 

1.5.1 Introduction to Trityl Radicals 

Triphenylmethyl (TPM) radical, also called trityl radical, was discovered in 1900 by 

Gomberg59 and constitutes the first example an organic free-radical.60 This radical in 

deoxygenated solutions is quite persistent,  since it achieves an equilibrium with its 

dimeric form (Figure 1.9).61 

 

Figure 1.9: Equilibrium between the radical of the triphenylmethane and is dimeric specie in deoxygenated 

solution. 
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The stability is essentially due to the steric protection of the central carbon offered by 

three phenyl rings, which assume a “propeller” conformation with a tilt angle of ~30°. 

Although the spin density is almost centred on the central α-carbon, the 𝜋 singly occupied 

molecular orbital (SOMO) has atomic orbital contributions also of the ortho and para 

carbons of each phenyl ring as a result of the resonance of the odd electron. This 

delocalization, confirmed by electron paramagnetic resonance (EPR) spectroscopy,62 is 

the responsible of the para-dimerization of the radical.  

In general, it is possible to refer to radicals as “open-shell” molecules, since their valence 

electronic shell presents an unpaired electron. For this reason the valence shell is not 

described, as in the case of closed-shell molecules, by the HOMO and LUMO, but two 

additional molecular orbitals have to be introduced, i.e. the previous cited SOMO and the 

singly unoccupied molecular orbital (SUMO). Hence, in order to describe in an exhaustive 

manner the frontier orbitals of an organic radical (Scheme 1.2), four molecular orbitals 

are considered: the HOMO, fully occupied by two paired electron, the SOMO occupied by 

the unpaired electron, the SUMO, and finally the LUMO, which, in the case of radicals, can 

be defined as β-LUMO or as LUMO+1, attributing in this way to the SUMO also the status 

of LUMO (in this Thesis we will use this latter definition). The spin-multiplicity of a mono-

radical is not a singlet but a doublet (𝐷0), due to its open-shell electronic configuration. 

 

 

Scheme 1.2: Schematic representation of frontier molecular orbital in of trityl free- radicals. 

 

The absorption spectrum of the TPM radical presents a weak absorption in the visible 

region, due to a symmetry forbidden transition SOMO⟶SUMO (𝐷0 ⟶ 𝐷1 ), and an 

intense absorption in the near ultra violet (UV) due to the SOMO⟶LUMO+1 transition.63 

Interestingly, TPM shows room temperature florescence at 520 nm (SUMO⟶SOMO), 

which becomes particularly intense at low temperature,64 with a 𝜏𝑟 of  about 300 ns.65 

The emission presents an elevate grade of symmetry and the intensity of the 0-0 transition 

is the strongest between absorption and emission bands (Figure 1.10).66 
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Figure 1.10: Absorption and emission spectra of TPM radical produced by γ-radiolysis of Ph3CCl.66 

 

The TPM radical, at room temperature, suffers of photobleaching, in particular it is 

subjected to unimolecular photocyclization reaction with the consequent formation of 

the fluorenyl radical derivative (Scheme 1.3).66,67 

 

 

Scheme 1.3: Photocyclization reaction of TPM radical. 

 

Despite the interesting unusual properties of this open-shell molecule, TPM radical did 

not find any application due to its tendency to dimerize and its air sensitivity. The 

introduction of heterocycles in the structure like pyridyl or thienyl does not sensitively 

affect the stability, while the para-substitution, from one hand is able to reduce the 

tendency to dimerize, but on the other hand does not reduce the sensibility to oxygen.61 

The turning point in the development of persistent trityl radicals, was given by the 

synthesis of the perchlorotriphenylmethyl radical, i.e. the PTM (Figure 1.11).68 
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Figure 1.11: Structure of the PTM radical.60 

 
 

1.5.2 Synthesis of the PTM-Based Radicals 

The generic synthetic route used for the generation of PTM-based radicals consists in 

three steps (Scheme 1.3): 

1. The synthesis of the chlorinated triphenylmethane derivative (PTM-αH); 

2. The generation of the PTM anion (PTM-) starting from the PTM-αH. The 

chlorinated derivatives of the triphenylmethane presents an acid proton in the α-

position that can be easily removed with the use of a base like OH-; 

3. The oxidation of the PTM- with a mild oxidant (like p-chloranil, I2 or Ag+) to give the 

PTM radical. 

 

 

 Scheme 1.3: Synthesis of the PTM radical starting from its protonated form. 

 

These reactions used for the formation of the radical usually are performed as last steps 

of the synthetic route of PTM derivatives. 

In the Chapter IV will be discussed in detail the strategies used for the para 

functionalization of the PTM radical, functionalization needed in order to synthesize more 

complex radical derivatives used in several fields.60 In fact, the para chlorine atoms offer 

a poor synthetic versatility that requires challenging synthetic efforts in order to be 

overcame. The drastic and dangerous reaction conditions used for the PTM 

functionalization constitute one of the principal drawbacks of these molecules.  
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1.5.3 PTM-Based Radicals as Multifunctional Inert Free-Radicals 

The PTM radical, differently from the TPM, is completely stable in solution also in 

presence of oxygen, and it does not dimerize. The cause of this extraordinary persistence 

is the shielding effect offered by the six chlorine atoms in ortho positions, which induce a 

tilt angle of the three phenyl rings of ~ 50°.60,61 This tilt generated by the steric hindrance 

of three phenyl rings and the six ortho chlorine atoms, limits the delocalization of the spin-

state on the phenyl rings69,70 blocks the tendency to dimerize and constitutes also a kinetic 

barrier for small-molecule reactivity. Thanks to their persistence, PTM derivatives can be 

easily solution-processed, exhibiting furthermore an exceptional thermal stability (up to 

300°C)71, offering the possibility to be processed by thermal evaporation. PTM radical 

became the prototype of several polychlorotriphenylmethyl radicals (PTMs) with lower 

number of chlorine atoms, like the tris(2,4,6-trichlorophenyl)methyl (TTM) radical (Figure 

1.13), one of the most studied PTM derivatives. Nonetheless, in order to be persistent, all 

the PTM derivatives should present six chlorine atoms in the ortho positions. PTMs in 

aerated solution exhibit an half-time on the order of 100 years and for this reason the 

PTM family is also called inert free-radicals.72  

 

 

Figure 1.13: Structure of the TTM radical. 

 

Thanks to the possibility to functionalise the meta and the para positions, reactions which 

require drastic reaction conditions, PTMs constitute a perfect building-block for the 

synthesis of multifunctional materials, in particular in the fields of molecular magnetism,73 

mixed-valence systems,74,75 molecular switching,76 molecular conductors77 and as 

electroactive species78 (Figure 1.14), where due to its low reduction potential it can be 

used as good electron acceptor. 
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Figure 1.14: Cyclic voltammogram of PTM radical in CH2Cl2, with 0.1 M n-Bu4NPF6 (vs. Ag/AgCl). 

 

Despite the great versatility of this class of compounds, up to the first decade of the XXIst 

century, PTMs have not been employed for any optic or optoelectronic applications. In 

fact, despite some promising optical properties associated to the doublet electronic 

configuration, like the emission at long wavelengths without an elongated π-systems, 

large Stokes shift (it has to be noticed that for carbon radicals the Stokes shift is defined 

as the difference in energy between the intense absorption band in the near UV and the 

emission in the visible, because the 𝐷0 ⟶ 𝐷1transition is symmetry-forbidden and it does 

not lead to self-absorption) and emission lifetimes on the order of tens of ns, PTMs 

present two principal drawbacks that limit their implementation in fluorescence 

microscopy or in EL devices: 

 Low values of 𝜙𝐹, especially in polar solvents; 

 Low photostability in solution. 

In the next Session we will discuss the optical properties of PTMs, focusing on the 

luminescence ones. In particular it will be presented the state of the art about high 

luminescent and photostable radicals and their recently implementation as emitting 

species in OLEDs. 

 

1.5.4 Optical Properties of Carbon-Centered Free-Radicals 

The absorption and the emission properties of PTMs are very similar to the TPM radical 

ones. Indeed, as we have already mentioned for the TPM radical, the absorption  

spectrum present a low-intense band (symmetry-forbidden SOMO⟶SUMO transition) in 

the visible region with ε~1000  cm-1M-1, and an intense transition in the near UV 
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(SOMO⟶LUMO+1) with ε~40000 cm-1M-1. Interestingly, PTMs exhibit high values of 

hyperpolarizability,79 opening to the possibility to be used as promising materials in the 

field of non-linear optics. 

In solid state they are completely photostable and non-fluorescent but in solution PTMs 

are slightly fluorescent (𝜙𝐹 =  0.02)  and give an efficient photocyclization reaction 

(Scheme 1.3) with a photoreaction yield, in the case of PTM, of 0.3.80 These two aspects 

strongly hindered their use in optic applications.  

In 2006, Juliá et al. were the first to propose a TTM-carbazole derivative (TTM-1Cz, Figure 

1.15) as a possible molecular material for deep-red emitting OLEDs.81 In fact, TTM-1Cz 

presents an emission in cyclohexane at 628 nm with a 𝜙𝐹 of 0.64. This emission is strongly 

quenched rising the polarity of the solvent, leading to an emission in chloroform at 680 

nm with a 𝜙𝐹  of 0.06.82 The enhancement in the luminescence of this TTM-carbazole 

respect to the TTM, is due to the increment of the oscillator strength of the 

SOMO⟶SUMO transition, which shows an ε of 2940 cm-1M-1 against the 700 cm-1M-1 of 

unsubstituted TTM.81 The further addition of carbazole units on the other phenyl rings of 

the TTM backbone (TTM-1Cz3) determine a red-shift of the emission and an increment of 

the ε associated to the SOMO⟶SUMO transition (7000 cm-1M-1), but it does not affect 

the 𝜙𝐹.83 Increasing the electron-donating character of the carbazole moiety with alkoxyl 

groups (TTM-1CzMeO), it is possible to assist to the appearance of a well-defined charge-

transfer (CT) band at longer wavelengths, which determines the quenching of 

luminescence.82 

 

Figure 1.15: Molecular structure of the TTM-1Cz, TTM-1Cz3 and TTM-1CzMeO 

 

This behaviour is typical of “push-pull” systems in which carbon-centred free-radicals 

(electron acceptors) are coupled with strong electron donating groups. In these 
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molecules, it is possible to assist to a rearrangement of the frontier molecular orbitals, in 

particular the HOMO is almost delocalised on the donating moiety with a higher energy 

compared to the SUMO, which instead is almost delocalised on the radical moiety.74,77 

Thus, in this push-pull radical derivatives, the CT band is given by the HOMO⟶SUMO 

transition. 

This behaviour is also observable in PTM-triphenylamine (PTM-TPA) derivatives (Figure 

1.16). Synthesized in 2007 by Lambert et al.,84 PTM-TPA derivatives present high 

luminescence in the NIR region (~760 nm) when dissolved in non-polar solvents (𝜙𝐹 =

0.38 in cyclohexane).85 

 

  

Figure 1.16: Molecular structure of PTM-TPA (highly fluorescent), PTM-TPA-MeO and PTM-vyn-TPA (non-fluorescent). 

 

Adding electron donating groups to the TPA moiety, the luminescence is quenched by the 

appearance of the CT band (PTM-TPA-MeO). Also the stilbene derivatives (PTM-vyn-TPA, 

Figure 1.15) exhibit an intense CT band ( in this case the CT is favoured by the lower tilt of 

the TPA unit with respect to the PTM one) and are almost non-fluorescent.86 

Polychlorotriarylmethyl radicals (PTArMs) are another typology of carbon-centred free-

radicals that is emerging during the last years, as highly photostable alternative to PTMs. 

In 2014, Nishihara et al. reported the synthesis of a TTM derivative, the PyBTM, in which 

one phenyl ring was substituted with a 3,5-dichloropyridyl one (Figure 1.17).87 The PyBTM 

radical exhibit an emission at 585 nm in dichloromethane with a 𝜙𝐹 of 0.02. The 𝜙𝐹 rise 

to a value of 0.81 in a mixture diethyl ether/isopentane/ethanol (5:5:2) at 77K. 

Interestingly, PyBTM also show an improved 𝜙𝐹 of 0.26 when dispersed in a PMMA film. 

The most interesting property of the PyBTM is the extremely high photostability 
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compared with TTM. In fact, PyBTM is 115 time more photostable than TTM in acetone 

under excitation at 370 nm. 

Due to the presence of a pyridyl ring, PyBTM emission is pH sensitive, constituting the first 

example of a luminescent pH sensor based on a carbon-centred free radical.88 In order to 

increase the luminescence efficiency of this typology of organic radicals, the possibility to 

partially substitute the halogen in ortho positions89 and  the synthesis of Au(I) complexes90 

have also been tested. In particular, the combination of the two approaches, fluorine 

substitution and gold coordination ([Au1(F2PyBTM)PPh3]BF4, Figure 1.17), lead to a strong 

enhancement of the luminescence (𝜙𝐹  rises from 0.02 to 0.2) maintaining almost 

unaffected the photostability.91 

 

Figure 1.17: Molecular structure of PyBTM and [Au1(F2PyBTM)PPh3]BF4 

 

In 2015, Li et al. have reported the development of the first OLED based on a neutral 

carbon-centered free radical.92 Using as EML a blend of TTM-1Cz/4,4-bis(carbazol-9-

yl)biphenyl (CBP) 5% in weight (Figure 1.18), they obtained a deep-red emission close to 

700 nm.  

Figure 1.18: EL and PL spectrum of 5% wt. TTM-1Cz-doped CBP film.92 
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The real innovative part of the work was the implementation of a doublet emitters in an 

EL device. In fact, with the opportune choice of the hole-injection and hole-transporting 

layers, it is possible to generate the 100% of doublet excitons, achieving in this way a 𝜂𝐼𝑁𝑇 

of 100%.93 

The potential generation of only doublet excitons in OLEDs is offered by the fact that 

carbon-centred free-radicals are not subjected to ISC because a potentially quartet state 

𝑄1generated by such ISC process in the higher excited states, is located at higher energy 

than the 𝐷1  state (Scheme 1.4).  

 

Scheme 1.4: Comparison between 𝐷1 and 𝑄1 states. 

 

For this reason it is not possible to inject electrons in a non-fluorescent 𝑄1. Nonetheless 

it is possible to generate non-fluorescent quartet states injecting holes in the HOMO 

rather than in the SUMO (Scheme 1.5).  

Scheme 1.5: a) hole-injection in the SOMO, which gives two doublet states; b) hole-injection in the HOMO, 

which gives two doublet states and four quadruplet states.93 The possibility to have hole-injection in the 

two states is given by the fact that in TTM-1Cz the two orbitals are almost isoenergetic.92 
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In fact, the EML layer if the OLED is constituted by an hole-injecting material (CBP) doped 

with the TTM-1Cz radical. Since TTM-1Cz exhibits a little difference in energy between 

SOMO and HOMO (0.47 eV),92 the CBP host can inject the hole in both states, decreasing 

in this way the 𝜂𝐼𝑁𝑇 offered by the radical nature of the emitter. Thus, If the two process 

have the same probability, the 𝜂𝐼𝑁𝑇 of carbon-centred radicals decrease at 0.5 (against 

the 0.25 of closed-shell fluorescent molecules). Nonetheless, TTM-1Cz based OLED 

showed a  𝜂𝐸𝑋𝑇 of 4.3%, which is one of the highest efficiency for deep-red/NIR OLEDs 

based on non-phosphorescent emitters.93 

These preliminary studies on the EL of carbon-centred free-radical suggest a great 

potential of this family of radicals in the OLED manufacturing, but underline also a series 

of structural problems associated to the open-shell nature of the molecule, such 

difficulties cannot be solved without improving the chemical versatility of radical 

backbone. 

As we have seen, up to now the scientific community has been focused on the 

development of efficient radical-based OLEDs, while no examples of luminescent radical 

employed in fluorescence microscopy have been reported. The reason of this lack of 

interest is the fact that carbon-centred free-radicals are not soluble in water and their 

luminescence is quenched in solid state which prevent the possibility to process them as 

self-assembled ONPs. Indeed, these two problems do not allow to employ radicals in bio-

imaging application. Can the supramolecular chemistry help us to overcome these 

drawbacks transforming trityl radicals in promising fluorescent probes? 

 

 

1.6 Objectives 

In the previous Sections we have analysed all the molecular efforts realized, up to now, in 

order to improve the optical properties of carbon-centred free-radicals. If from one side 

they helped to better understand the photophysics of these molecules, from the other 

side it has to be noticed that both PL and EL applications requires the optimization of the 

optical properties in the solid state.  

The principal objective of this Thesis is the study of the changes induced on the optical 

properties of PTMs radicals, by the confinement into organic rigid hosts. The dilution in a 

rigid organic matrix can in fact break the non-radiative interactions which affect radicals 

in solid state, enhancing their luminescence. Moreover, in the case of propeller-shape 

molecules, like PTMs, a high-viscous environment could inhibit the synchronous rotation 

of the propeller blades, as well as other vibrational relaxations, which are the principal IC 

processes which determine a drastically decrease of the 𝜙𝐹. For these preliminary studies, 

the two most diffused and characterized radical cores were chose, i.e. the PTM and the 

TTM ones. The aim of the work was to identify which is the family of PTMs that potentially 

can lead to the highest luminescence and photostability once dispersed in a rigid organic 
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matrix, and which is the dependence of the optical properties on the radical concentration 

in these doped systems. 

Particularly interesting is the development of radical-based fluorescent ONPs, due to the 

unique absorption and emission properties of PTMs (§1.5) and the good biocompatibility 

of ONP systems (§1.3.1). In fact PTM-based radicals can potentially lead to emission and 

two-photon absorption in the first biological transparency window, allowing to obtain 

high penetration deep for in vivo applications (§ 1.3). This result can be achieved thanks 

to the water dispersibility of ONPs, which solve the problem of the water insolubility of 

the radicals (§ 1.3.1) allowing to use them in bio-imaging or bio-sensing applications. As 

prototype matrix for the development of radical-based ONPs has been used the tris(2,4,6-

trichlorophenyl)methane (TTM-αH), the precursor of the TTM radical. 

Since radical-doped films are also used as EMLs in OLED devices (§ 1.4-1.5.4), poly(methyl 

methacrylate) (PMMA) has also been choose a prototype matrix for analyse the PTMs 

optical properties in polymeric hosts.  

The choice of two kind different matrices (small-molecule vs. polymer) is also justified by 

the fact that we want to understand which host can lead to the best enhancement of the 

radical optical properties. The two matrices, in fact, not only could lead to a more or less 

efficient solvation of the radical molecules (reducing the quenching of the fluorescence), 

but could also differently promote the formation of new emitting species as aggregates 

or excimers. 

The last objective of the Thesis is to transfer the knowledge acquired about the 

photophysical properties of trityl radicals in rigid organic matrixes, to a new radical core, 

with improved optical properties and higher chemical versatility. As it was shown in § 

1.5.2, polychlorotriphenylmethyl radicals are not an ideal building-block for 

multifunctionalized derivatives, due to the low reactivity of the chlorine atoms. Is it 

possible to substitute chlorines atoms with a more reactive group maintaining a high 

chemical stability and exhibiting enhanced optical properties? In order to answer to this 

question, it was studied the possibility to synthesize a new class of trityl radicals, i.e. the 

polybromotriphenylmethyl radical. 
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Chapter II 
Luminescence of Trityl Radicals in Organic Rigid Matrices 
 
 
2.1 Introduction 

All the photophysical processes that involve organic molecules are strongly affected by 

the nature of the chemical environment.1,2 For instance, increasing the polarity of the 

solvent, it is possible to stabilize the excited state of a fluorophore determining a red-shift 

of the emission, i.e. solvatochromism.3 Another very interesting photophysical process is 

the Aggregation Induced Emission (AIE).4 Usually fluorophores, which are good emitters 

as isolated molecules (completely solvated in solution), suffer of aggregation-caused 

quenching (ACQ) of emission when they are in form of aggregates or clusters. Indeed, ACQ 

is usually related to strong intermolecular π-π interactions (π-π stacking), which open a 

series of non-radiative deactivation pathways, quenching the luminescence. Since the 

majority of luminescent molecules consist in extended π-systems, ACQ is a very common 

process which limits the use of organic fluorescent probes in solid state applications as 

OLEDs or organic nanoparticles (ONPs) for fluorescence bio-imaging.5–7  On the other 

hand, molecules exhibiting AIE are non-luminescent in solution but, due to a restriction of 

intramolecular motion (RIM) induced by the aggregation, they are strongly emitting 

increasing the level of aggregation. Tetraphenylethene (TPE) and 10,10’,11,11’-

tetrahydro-5,5’-bidibenzo[a,d][7]annulenylidene (THBA) are two prototypical AIE agents 

(molecules able to induce an AIE once integrated in the molecular structure of 

fluorophores which are usually affected by ACQ) intensively investigated in the last 

decade8–10 (Figure 2.1).  

Intuitively, all the molecular vibrations or rotations induce a loss of energy so low-emitting 

molecules, with the suppression of these roto-vibrational movements, can show an 

enhancement of the luminescence. This behaviour has been reported for various 

fluorescent probes in vitrified solutions at 77K or when dispersed in polymeric films. 

Interesting is the case of triphenylmethane dyes, which the most known derivative is the 

crystal violet (Figure 2.2). These “closed-shell” dyes, largely used in different fields going 

from the medical and biological sciences to colorants in various industries, at room 

temperature or dissolved in low-viscosity solvents do not present intense fluorescence 

due to an efficient internal conversion process consisting in the synchronous rotation of 

phenyl rings.11 Decreasing the temperature, increasing the viscosity of the solvent or 

binding dye molecules to polymers or polyelectrolytes it is possible to increase the 

fluorescence quantum yield, 𝜙𝐹 , and the excited state lifetime of about one order of 

magnitude.12  
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Figure 2.1: Representation of the effect of aggregation on TPE and THBA moieties4. 

 

Since it is possible to recognize several structural analogies between these molecules and 

PTMs, we expected similar effects on the 𝜙𝐹 and emission lifetime also for our radicals. 

Moreover, in the case of radicals which are photosensitive molecules, the confinement 

into a solid matrix could produce a gain in terms of photostability. In fact the matrix can 

reduce the exposition of radicals to radical-quenchers like oxygen and, limit the mobility 

of the molecule increasing the activation energy for photoreactions. As we already have 

seen in §1.4.1 and §1.4.4, in the case of PTM, irradiating a deoxygenated solution with 

white light, gives a photocyclization reaction with the formation of the fluorenyl 

derivative. 

 

 

Figure 2.2: Chemical structure of Crystal Violet, TTM and PTM radicals. 

 

The increment of the activation energy for the photoreaction originated by the rigidity of 

the host, can constitute a promising solution to the major problem of this class of 

molecules, the low photostability. 

About the possibility to increase the  luminescence of carbon free-radicals increasing the 

rigidity of the environment, it was recently reported an increment, for a PTArMs, of 𝜙𝐹   
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from 0.03 in chloroform solution to 0.81 at liquid nitrogen temperature and 0.26 at room 

temperature when dispersed in a poly(methyl methacrylate) (PMMA) film.13 Nonetheless, 

up to now there are no systematic studies on doping organic matrices with radicals. In 

effect, if we want to go one-step forward and extend the use of organic radicals in bio 

imaging or optoelectronic applications, we need to know how a rigid environment affects 

the radical emission properties. Indeed, the hindering effect of a solid matrix can play a 

fundamental role in the intermolecular interactions among dopant organic molecules. A 

host matrix, not only can reduce vibrations and molecular stacking responsible of non-

radiative decays, but it can also promote the generation of new radiative pathways as the 

formation of excimers which are, in any case, absent or different in solution.14 In this 

context, different kinds of host materials (small-molecules vs polymer, for instance) or 

different processing techniques, can determine new and interesting properties 

completely different from the ones showed in solution.15 

 

Figure 2.3: Chemical structure of TTM-αH and PMMA. The two molecules were used as ONPs and films 

matrices respectively. 

 

In this Chapter, a systematic study of the optical properties of open-shell molecules 

dispersed into ONPs and polymeric films is presented. Specifically, we investigate the 

optical behavior of ONPs made by the closed-shell and optically neutral16 tris(2,4,6-

chlorophenyl)methane (TTM-αH) and PMMA films (Figure 2.3), both doped with different 

amounts of TTM or PTM radicals. These two systems has been chosen in order to provide 

a reliable proof of concept about the use of doublet emitters in the fields of fluorescent 

microscopy (ONPs) and electroluminescent devices (organic films). 

 

Figure 2.4: Nano-perfluorocarbon emulsions doped with trityl raidcals. Up to now these nanoparticles 

represent the only example of trityl radical nano-structuration.20  
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Regarding the structuration of trityl radicals, some examples of structuration as self-

assembly monolayer17,18 or as micro-particles19 have been already reported. Recently it 

has also been reported one example of nano-perfluorocarbon emulsion doped with trityl 

raidcals used for oximetry applications20 (Figure 2.4), but up to now the luminescence 

properties of  all these systems have not been tested. 

 

 

2.2 Radical-Doped ONPs 

2.2.1 TTM-αH as ONPs Matrix 

 

One of the principal drawbacks of PTMs is that they are almost insoluble in water, which 

hinders their uses in the biological field. During the last years, nanoparticles based on 

small molecules have attracted the attention for the simplicity of their preparation,21,22 

their unique optical properties and the possibility to disperse in an aqueous media 

hydrophobic molecules.23,24 In effect, the most used technique for the preparation of 

ONPs made by hydrophobic small-molecules is the so called “re-precipitation method”25 

(Figure 2.5) consisting in a solvent exchange process.  

 

Figure 2.5: Principle of the re-precipitation method22. 

 

In brief this method consists in dropping a concentrated water-miscible organic solvent 

solution of the hydrophobic compound in a large amount of an anti-solvent, usually water, 

under vigorous stirring. The fast mixing of the two liquids induces the precipitation of the 

organic compound in micro/nano-aggregates since it is no more soluble in the new 

mixture.  

TTM and PTM radicals were synthesized using a procedure reported in literature.26,27 TTM 

and PTM radical ONPs were prepared following the re-precipitation method: first a 2 mM 

solution of the radical compound in THF was prepared and then 100 μL of this stock 
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solution were slowly dropped in 9.9 mL of MilliQ water under vigorous stirring (1000 rpm) 

at room temperature for 30 minutes (the final nominal concentration of radical is 10-5 M; 

the water:THF ratio is 99:1 in vol.). The obtained TTM and PTM ONPs suspensions in water 

did not exhibit any luminescence, as well as the solid powders of both radicals, due to the 

intense ACQ effect.  

In order to evaluate the possibility to obtain an enhancement of luminescence by the 

confinement of TTM and PTM in a rigid matrix, the absorption and the emission properties 

of the two radicals in 2-methyl THF at 77K were measured (Figure 2.6, §2.8.1). Results are 

reported in Table 2.1 and compared with THF solutions at room temperature. In glassy 2-

methyl THF absorption spectra are only slightly affected and luminescence spectra are 

slightly blue-shifted (because of the lack of solvation relaxation in the glassy solvent), 

while the 𝜙𝐹 are hugely enhanced, reaching values of 0.72 and 0.54, respectively. 

 

 

Figure 2.6: a) Absorption and Emission of TTM in THF at room temperature and 2-Methyl THF at 77K; b) 

Absorption and Emission of PTM in THF at room temperature and in 2-Methyl THF at 77K 

 

Table 2.1. Optical properties of TTM and PTM radicals in THF at room temperature and in glassy 2-methyl 
THF at 77K.  

[a] Luminescence Quantum Yields have been determined using Cresyl Violet Perchlorate in MeOH 
(LQY=0.54)28 as a reference. [b] Excited state lifetimes were estimated through mono-exponential 
reconvolution fit analysis of the fluorescence decay. The fitting results are judged by the reduced 𝜒2 value 
(𝜒2 < 1.2) 

 

In order to obtain luminescence properties comparable to the ones shown in frozen 

solutions, tris(2,4,6-trichlorophenyl)methane (TTM-αH) was chosen as a matrix for ONPs 
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Solvent λabs
max 

(nm) 
λem

max 

(nm) 
Stokes Shift 

(cm-1) 
ε 

(cm-1M-1) 
φF 

[a] τ [b] 

(s) 

TTM 
THF 372 566 9214 36840 0.02 7.6×10-9 

2-MeTHF (77 K) 375 556 8681 - 0.72 - 

PTM 
THF 385 610 9581 38450 0.02 9.7×10-9 

2-MeTHF (77 K) 387 589 8861 - 0.54 - 
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in which we dispersed the two radicals. There were several reasons that justified this 

choice: 

 TTM-αH presents a similar structure to the two radicals, so it should be able to 

offer a good solvation to the radical molecules into the ONP, reducing the ACQ 

effect; 

 Among all the PTMs precursors, TTM-αH synthesis presents a high reaction yield 

and the simplest purification route, since it can be purified digesting in hot 

pentane, so it can be easily synthesize in large amounts; 

 Derivatives of triphenylmethane have been proven to show good bio-

compatibility.29–32 

 

 

2.2.2 Colloidal Characterization of Radical-Doped ONPs 

TTM-αH ONPs doped with different amounts of the two radicals (TTMd-ONPs and PTMd-

ONPs) were prepared (Figure 2.7). A solution of TTM-αH containing different amounts of 

TTM or PTM radical (0.5%, 3%, 6.5%, 13%, 26%, 50 % in mol.) in THF with a total 2 mM 

concentration was prepared and filtered using PTFE filter (1 cm of diameter) of 220 nm. 

100 μL of each solution were slowly dropped in 9.9 mL of MilliQ water at room 

temperature under vigorous stirring (1000 rpm) for 30 minutes. ONP suspensions, which 

contained the 1% in vol. of THF, were stored at 4°C in the dark.  

 

Figure 2.7: Graphical representation of a section of radical doped TTM-αH ONPs. Orange spheres represent 

the radical molecules, dispersed into the TTM-αH matrix molecules (white spheres). 

 

The spectroscopic characteristic of these ONP water suspensions will be discussed in the 

next Section. Here we will focus on the colloidal properties, which essentially depend on 

the matrix. In Figure 2.8 are reported the size distributions and Z-potentials values 

measured via dynamic light scattering (DLS) (§ 2.8.2) for the two sets of doped 

nanoparticles suspensions. 

TTMd-ONPs and PTMd-ONPs show an average size of about 100 and 80 nm, respectively. 

Both sets of suspensions present a good uniformity since they show a monomodal size 

distribution with a polydispersity index (PDI) lower than 0.2. All the suspensions presented 
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a negative Z-potential close to -45 mV, probably due to the inductive effect exerted by the 

chlorine atoms.  

Figure 2.8: Average sizes and Z-Potentials for TTMd-ONPs and PTMd-ONPs estimate by DLS. The error bar 

for size distribution represent the PDI expressed in nm. The error bar for the Z-potential measure represent 

the standard deviation. 

 

These values of Z-potentials are enough negative in order to prevent the aggregation of 

the ONPs. In fact, no sensitive changes in the size distribution were observed after one 

month from the re-precipitation storing the samples at 4°C.  In order to confirm the data 

derived from DLS analysis and obtain further informations about the morphology of these 

nanoparticles, transmission electron microscopy (TEM) analysis was performed for all the 

suspensions and images are reported in Figure 2.9. Due to the poor contrast of the organic 

material constituting the ONPs in TEM images, uranyl acetate was added as staining agent 

(§2.8.3). TEM images confirmed DLS results and showed the spherical shape of ONPs. In 

conclusion, from the colloidal point of view, TTM-αH doped ONPs constituted promising 

systems, so all the suspensions were spectroscopically characterized. 
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Figure 2.9: TEM images of TTMd-ONPs and PTMd-ONPs one week after their preparation. 
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2.3 Optical Characterization of PTMd-ONPs 

2.3.1 Absorption Characterization 

Absorption spectra of PTMd-ONPs are reported in Figure 2.10. The maximum of 

absorption of PTMd-ONPs water suspensions is in the near-UV and because the Rayleigh 

scattering is proportional to λ-4 and the size of ONPs is comparable to the wavelength of  

the excitation light, the absorbance values are strongly affected by scattering .33,34 

 

Figure 2.10: Absorption spectra PTMd-ONPs water suspensions 

 

Correcting the absorption spectra for the scattering contribution was possible with a semi-

empirical approach, using suspensions of pure TTM-αH ONPs with similar size and size 

distribution as references, and modifying the signal derived by the TTM-αH suspension in 

order to match with the scattering of the samples (Figure 2.11). In fact, TTM-αH is 

completely transparent in the range 300-800 nm and for this reason the absorption 

spectrum of TTM-αH ONP suspensions is affected only by scattering. As a figure of merit 

for the process it was considered the comparison between the normalized absorption 

spectrum of PTM radical in THF and the normalized absorption spectra of PTMd-ONPs 

after the scattering correction (Figure 2.12a). In particular, the signal given by the TTM-

αH suspension is modified (adjusted) in order to generate a scattering-corrected 

absorption spectrum for PTMd-ONPs water suspensions with the same band-shape of the 

PTM absorption spectrum in THF solution, in the range 320-420 nm. From the comparison 

among the normalized scattering-corrected absorption spectra with normalized PTM 

absorption in THF, it is possible to see that all the spectra are quite similar to the one 

measured in THF solution in terms of shape of the band and position. In fact, the SOMO 

 LUMO+1 transition is just red-shifted by 5 nm (200 cm-1) in ONPs. This similarity in the 

absorption spectrum provides also a good indication about the quality of the scattering-

correction technique that allows a good estimation of the absorbance in particular for the 

high-doped samples. The scattering-corrected absorption spectra of PTMd-ONPs at 

different PTM concentrations are reported in Figure 2.12b, and their valuesof absorbance 

were used for the estimation of 𝜙𝐹. 
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Figure 2.11: Scattering correction of absorption spectra for PTMd-ONPs suspensions. 

  

Figure 2.12: a) Normalized absorption spectra PTMd-ONPs and PTM in THF solution; b) Absorption spectra 

of PTMd-ONPs after the scattering correction. 
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2.3.2 Emission Characterization 

The emission spectra of PTMd-ONPs water suspensions with different doping 

concentrations are reported in Figure 2.13a and their main optical properties are reported 

in Table 2.2. 

  

Figure 2.13: a) PTMd-ONPs emission spectra (exc 389 nm); b) Corresponding normalized PTMd-ONPs and 

PTM in THF solution emission spectra. 

 

Analysing the normalized emission spectra (Figure 2.13b) it is possible to recognize a 

hypsochromic shift decreasing the PTM concentration. For samples with a concentration 

equal or higher than 13% in mol.,  it is possible to see a broadening in the long-wavelength 

region that could be ascribed to a change in the Franck-Condon factor35 or to the 

formation of a weak excimeric band close to 700 nm. 

 

Table 2.2: Summary of the emission properties of PTMd-ONPs. 

% of PTM 
(% in mol.) 

λmax em 

(nm) 
𝝓𝑭

 [a] 

0.5 600 0.43 

3 602 0.15 

6.5 604 0.07 

13 605 0.03 

26 607 0.01 

50 608 < 0.01 

PTM in THF 610 0.02 

[a] Cresyl violet perchlorate in MeOH (φL = 0.54)28  was used as reference. 
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The most interesting aspect is the strong enhancement of the 𝜙𝐹, which for the sample 

0.5% PTMd-ONPs is more than twenty times higher than in THF solution. However, we 

have to underline that for this sample, due to the very low absorbance signal, the error 

associated to the determination of the absorption (§2.3.1) can determine strong 

distortions on the determination of the 𝜙𝐹 using a standard as a reference. Even without 

considering 0.5% PTMd-ONPs, it is clear that the rigid environment of the particle it is able 

to suppress some non-radiative decays of the radical species, increasing its luminescence. 

On the other hand, starting from the 3% PTMd-ONPs sample, doubling the concentration 

of radical, the 𝜙𝐹  is halved due to ACQ effects and 50% PTMd-ONPs is almost not 

fluorescent. 

The evaluation of the emission lifetime for radical-doped ONPs was performed in 

collaboration with Prof. Francesca Terenziani at the University of Parma (§ 2.8.4). The 

emission decays measured for the PTMd-ONPs could not be fitted via single-exponential 

functions, but at least three exponentials were needed (Table 2.3). Since no direct physical 

meaning could be associated to the three-exponential fitting, we also performed fittings 

through a more meaningful function, namely the so-called stretched-exponential 

function, also known as the Kohlraush-Williams-Watts (KWW) decay function:36 

𝐼(𝑡) = 𝐼0exp[−(𝑡/𝜏0)
𝛽]                                          Equation 2.1 

In this function τ0 is the relaxation time and β is the stretch factor, ranging from 0 to 1. 

The closer β is to 0 the more the function deviates from a single exponential. The 

stretched-exponential function is suitable whenever a distribution of decay times (or rate 

constants) is expected, such as in heterogeneous samples (rigid solutions, samples where 

energy transfer among fluorophores occurs, and so on). Stretched exponentials were used 

for instance to analyse the fluorescence decay of fluorophores covalently bound to silica 

or alumina surfaces.36,37 This model should therefore be more appropriate to describe the 

decay in heterogeneous samples showing continuous lifetime distributions rather than 

multi-exponential models with an arbitrary number of discrete lifetimes. 

Specially, the stretched-exponential decay model can provide a direct measure of the 

heterogeneity of the sample. Typically the parameter h = 1/β is introduced, so that h 

increases when the heterogeneity degree increases (β approaching 0). All the 

luminescence decays of PTMd-ONPs could be satisfactorily fitted through the stretched-

exponential function, giving the results reported in Table 2.4, in which are also reported 

the corresponding h values as well as the average time constants, obtained as:36 

〈𝜏〉 = 𝜏0Γ (1 +
1

𝛽
)                                               Equation 2.2 

Where Γ indicates the so-called Gamma function: 

Γ(𝑡) = ∫ 𝑥𝑡−1𝑒−𝑥
∞

0
d𝑥                                                Equation 2.3 
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These average time constants obtained from the stretched-exponential fitting were able 

to follow the evolution of the average decay time with increasing concentration of radical 

dopant.  

 

Table 2.3. PTMd-ONPs excited state lifetimes estimated by tri-exponential fit (for each component it is 

indicated the contribution). 

Sample 
3-exp fit 

τ1 (s) τ2 (s) τ3 (s) <τ> (s) 

0.5% PTMd-ONPs 
1.70E-07 7.60E-08 5.1E-09 

1.51E-07 
80.04% 19.41% 0.55% 

3% PTMd-ONPs 
1E-07 4.5E-07 2.7E-08 

1.90E-07 
67.06% 27.04% 5.89% 

6.5% PTMd-ONPs 
6.3E-08 3.3E-07 1.4E-09 

1.83E-07 
51.42% 45.48% 3.1% 

13% PTMd-ONPs 
1.9E-07 2.8E-08 1.7E-09 

1.31E-07 
64.15% 30.68% 5.15% 

26% PTMd-ONPs 
2.7E-07 3.7E-08 2.6E-09 

1.73E-07 
60.01% 27.78% 12.21% 

50% PTMd-ONPs - - - - 

Fitting results were judged by the reduced 𝜒2 value (𝜒2 < 1.2). 

 

Table 2.4: PTMd-ONPs excited state lifetimes estimated by stretched exponential fit.  

Sample 
Stretched-exp fit 

<τ> (s) h[a] 

0.5% PTMd-ONPs 1.30E-07 1.2 

3% PTMd-ONPs 9.00E-08 1.4 

6.5% PTMd-ONPs 6.50E-08 1.6 

13% PTMd-ONPs 3.40E-08 3.3 

26% PTMd-ONPs 4.40E-08 3.1 

50% PTMd-ONPs - - 

[a] h=1/β 
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The average excited state lifetimes for the PTM-doped ONPs are always longer than the 

lifetime obtained in THF solution. In particular, the 0.5%-doped PTMd-ONPs have a 

lifetime that is more than one order of magnitude longer than the PTM radical in THF 

solution. The average emission lifetime is observed to continuously decrease (from ~140 

to ~40 ns) from the 0.5% to the 26% PTM-doped ONPs due to the higher concentration 

of quenchers (aggregates). For 50% PTMd-ONPs the lifetime was not determined because 

the very low intensity of the signal. 

The h value increases with increasing radical concentration, supporting an increment of 

the heterogeneity in the environment of radical molecules dispersed in the ONPs for 

increasing concentration of the emitter. This make sense, since for very low radical 

amount the radical is mainly surrounded by TTM-αH host molecules (low heterogeneity). 

For increasing concentration of PTM radical, the heterogeneity of the environment 

experienced by radical molecules increases: in fact each of them can be surrounded by a 

variable amount of TTM-αH guest molecules or alike PTM radicals with different 

orientation. 

 

 

2.3.3 Study on Photostability 

The rigid environment offered by the TTM-αH matrix not only helps to obtain good 

luminescence properties but, thanks to its shielding effect, also contributes to increase 

the radical photostability preventing photodegradation processes. In order to confirm this 

hypothesis, cell-photobleaching38 of a PTMd-ONPs suspension was compared with the 

photobleaching of PTM in THF. In order to have reliable data, the two solution were 

continuously excited at the same wavelength (387 nm). At this wavelength, PTM presents 

the same value of ε in the two systems. 

 In order to limit the effect of the linewidth of the excitation light, a sharp excitation slit 

was used, while the emission slit was opened in order to have a better signal to noise 

ratio. Since, it was not possible to irradiate all the volume of the cuvette (3 mL of solution 

for both samples), both solutions were stirred in order to improve the regeneration of the 

sample in the excited volume. The concentration of the active species is not a critical issue, 

nevertheless, the PTM solution in THF was prepared in order to have an optical density 

comparable with the suspension. 6.5% PTMd-ONPs suspension was chosen as a model 

sample for this experiment since it exhibits the highest value of brightness (𝑛𝑃𝑇𝑀 ∙ 𝜀 ∙ 𝜙𝐹) 

among all the ONPs.  

Another critical aspect is the presence of oxygen. Oxygen is a radical quencher, so its 

presence in solution can determine a faster photobleaching of the sample. In fact, as we 

have already seen (§1.4.1 and § 1.4.4), when in the excited state, the unpaired electron 

of the radical in no more almost localized on the α-carbon but it is delocalise onto the 

phenyl rings, losing the kinetic protection offered by the shielding effect of the chlorine 

atoms in ortho positions. Since we are studying the photostability of PTM in two different 
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solvents in which the oxygen solubility is different, the two solution were deoxygenated 

fluxing Ar directly inside the cuvette for 15 min.  

The normalized fluorescence decays for the two systems are reported in Figure 2.14. Both 

the decays were fitted via mono-exponential fit (§ 2.8.5) and the time-constant for the 

two sample were extracted and compared. PTM in deoxygenated THF solution presents a 

time constant of 1.12∙105 s while as dopant in doped ONPs of 5.5∙105 s, so the rigid 

environment offered by the matrix increase the photostability by a factor 5. Enhancement 

offered by the host matrix on both luminescence and stability opens new prospective to 

the employment of radicals in solid-state applications as OLEDs fabrication.  

 

Figure 2.14: Luminescence decay of PTM in deoxygenated THF solution (cyano points), and in 6.5% PTMd-

ONPs water suspension (dark-cyano points) under continuous irradiation at 387 nm. The orange and yellow 

lines represent the monoexponetial fitting for water ONPs suspension and THF solution respectively. 

 

 

2.4 Emission Characterization of PTM doped PMMA films 

In §2.3.2 we have analysed the emission properties of TTM-αH ONPs doped with different 

amount of PTM radical, which exhibited a considerable increase in terms of 𝜙𝐹, lifetime 

and photostability. It is interesting to understand if this kind of behaviour is strictly related 

to the nature of the host or this enhancement can be simply ascribed to the hindering 

effect of the solid matrix. For this reason, the 𝜙𝐹  of a PMMA film doped with a low amount 

(1 % w/w) of PTM (in order to limit the ACQ) was measured (§ 2.8.6). A value of 𝜙𝐹  of 0.19 

was obtained and the emission and excitation spectra are reported in Figure 2.15.  The 

result is consistent with an analogous study on a PTArM radical, in which an enhancement 

of the 𝜙𝐹  from 0.03 in solution, up the 0.26 in doped polymeric film was observed.13 
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Figure 2.15: Normalized PTMd PMMA film emission and excitation spectrum. 

 

While it is possible to identify an analogy between ONPs in terms of luminescence 

enhancement, the emission band-shape in the two systems is quite different. In fact, for 

low doped ONPs samples, the emission is the same shown in solution,  while in the case 

of the doped polymeric film the emission is broader than in solution with an increasing of 

the intensity of the second vibronic peak compared with the first one. This behaviour can 

be observed also in high-doped ONPs samples in which the aggregation of radicals is 

higher, suggesting the possibility that the lower 𝜙𝐹measured in the PMMA film can be 

due to a worse solvation of PTM molecules.  

 

 

2.5 Optical Characterization of TTMd-ONPs 

2.5.1 Absorption Characterization 

The same consideration that we have done about PTMd-ONPs can be extended to TTMd-

ONPs. Also in this case, the nanometric size of the ONPs and the position of the maximum 

of absorption,  more shifted to the UV region in comparison to PTM, make necessary a 

scattering correction for determination of the absorbance (§ 2.8.7). Using the same 

procedure used for PTMd-ONPs, the scattering was removed and the corrected 

absorption spectra and the normalized absorption spectra are reported in Figure 2.16. 

TTMd-ONPs do not show sensitive variations in the band-shape compared with TTM in 

THF solution. The maximum of absorption is at 378 nm, exhibiting a red-shift of 5 nm (355 

cm-1) compared with the solution. 
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Figure 2.16: a) TTMd-ONPs and TTM in THF solution normalized absorption spectra; b) TTMd-ONPs 

Scattering-corrected absorption spectra. 

 

 

2.5.2 Emission Characterization 

The emission behaviour of TTMd-ONPs presents several differences if compared with 

PTMd-ONPs.  Analysing the emission spectra (Figure 2.17) it is interesting to see, for 

percentages of doping radical equal or higher than 6.5%, a dual emission.  For these high-

doped samples, the spectra show a monomer-like band, observable also in 0.5% and 3% 

TTMd-ONPs samples, and a new structureless broad band that appears at longer 

wavelengths, with a maximum shifting from 645 to 685 nm with increasing the radical 

concentration.  

 

Figure 2.17:  TTMd-ONPs emission spectra (exc 377 nm). 

 

This latter band acquires a relative intensity with respect to the other one with increasing 

percentages of radical doping, while the total luminescence decreases (Table 2.5). The 

new long-wavelength band can be safely ascribed to the formation of excimers of TTM 

radicals inside ONPs. In fact, the absorption spectrum is not affected by the concentration 
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of dopant (Figure 2.13b), suggesting a non-interacting ground state, while only the 

emission is affected,  as typical of excimers39,40 (§3.2).  

 

Table 2.5: Summary of the emission properties of TTMd-ONPs. 

% of TTM 
(% in mol.) 

λmax 

(nm) 
φL

[a] 

0.5 565 0.48 

3 567 0.31 

6.5 567 / 645 0.17 

13 567 / 655 0.07 

26 572 / 665 0.03 

50 685 <0.01 

TTM in THF 566 0.02 

[a] The value is referred to both monomer and excimer emission and cresyl violet perchlorate in MeOH (φL 

= 0.54)28  was used as reference. 

 

Another indication that this long-wave emission is an excimeric emission is suggested by 

the analysis of the excitation spectra (Figure 2.18). The band-shape of the excitation 

spectra recorded at the maximum of the excimeric band, follow exactly the band-shape 

of the monomer absorption (Figure 2.16), confirming that is not due to a fluorescent 

impurity in the ONPs. 

 

Figure 2.18: Normalized fluorescence excitation spectra of TTMd-ONPs registered at the maximum of 

emission of the excimeric band.  
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In this Section we will not describe in detail the processes related to the formation of 

excimers and their properties, since they will be discussed in the next Chapter. Here we 

will focus on general considerations on the luminescence of these radical doped systems. 

Thus, before continuing analysing the efficiency of the luminescence processes in TTMd-

ONPs, we need to take into account some considerations due to the open-shell nature of 

the emitter. For TTMd-ONPs in which it is possible to recognize an excimeric emission, so 

an interaction between a stable and persistent radical pair, it is more opportune to speak 

about luminescence quantum yield (𝜙𝐿 ) than fluorescence quantum yield, since it is 

possible to have two different electronic configuration associated to the excimer (Figure 

2.19): a singlet and triplet electronic configurations.41–44 For singlet radical-pairs we can 

still speak in terms of fluorescence, while for a triplet electronic configuration it should be 

more opportune to speak in terms of phosphorescence. The preliminary studies 

conducted on radical doped ONPs seem to attribute to the excimer emission a singlet 

multiplicity (§3.4). Nonetheless, further experiment will be performed also on doped 

films, and until will not be possible to have an incontrovertible proof on the excimer 

multiplicity, we will use the generic definition “luminescence”. 

 

Figure 2.19: Representation of the possible electronic configuration of the TTM excimers: white balls 

represent the host molecules, yellow balls represent TTM radical molecules and the arrows (up or down) 

represent the spin state of the unpaired electron for each radical molecule. 

 

The 𝜙𝐿 for the samples with low percentages of TTMd-ONPs are strongly enhanced with 

respect to the solution. Even not considering the 0.5% TTM-d ONPs sample, where the 

error on scattering correction, thus on the absorbance determination, could be significant 

due to the low signal to noise ratio, is it possible to see how in the case of TTM , as well as 

for PTM, the rigid environment strongly enhances the emission efficiency (Table 2.5). At 

room temperature, values of 𝜙𝐿  are twenty times higher compared with solution. The 

ACQ of luminescence follows almost the same trend than fot PTMd-ONPs. Indeed, 

doubling the dopant concentration the 𝜙𝐿 is halved and, in the case of the most doped 

sample (50% TTMd-ONPs), the luminescence is almost quenched. In absolute terms, it is 

nice to see how thanks to the excimer emission, the TTMd-ONPs are more luminescent 

compared with PTM samples.  

Moreover, the analysis of the lifetime of the monomeric band reflects the trend and the 

behaviour already observed in the case of PTMd-ONPs. In fact, also for TTMd-ONPs, at 

SINGLET RADICAL-PAIR TRIPLET RADICAL-PAIR 
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least a tri-exponential fitting must be used and, so for this reason KWW function was 

preferred for the estimation of emission lifetime (Table 2.6). 

 

Table 2.6: TTMd-ONPs excited state lifetimes of the monomeric band estimated by tri-exponential (for each 

component it is indicated the contribution) and stretched exponential fits. 

Sample  3-exp fit Stretched-exp fit 

τ1 (s) τ2 (s) τ3 (s) <τ> (s) <τ> (s) h[a] 

0.5% TTMd-
ONPs 

9.10E-08 1.50E-07 2.2E-08 
8.95E-08 2.20E-07 1.6 

50.73% 28.67% 1.7% 

3% TTMd-
ONPs 

5.00E-07 1.10E-07 2.2E-08 
3.13E-07 9.50E-08 1.8 

52.91% 42.8% 4.29% 

6.5% TTMd-
ONPs 

4.00E-07 4.7E-08 1.8E-09 
2.69E-07 5.40E-08 2.8 

63.24% 33.03% 3.74% 

13% TTMd-
ONPs 

4.3E-07 2.8E-08 2.2E-09 
3.41E-07 8.10E-09 2.6 

78.16% 15.46% 6.38% 

26% TTMd-
ONPs 

5.1E-07 6.00E-08 1E-09 
4.30E-07 3.00E-08 3.8 

82.94% 10.85% 6.21% 

50% TTMd-
ONPs 

- - - - - - 

Fitting results were judged by the reduced 𝜒2 value (𝜒2 < 1.2); [a] h=1/β. 

 

The average emission lifetimes for the TTM-doped ONPs, obtained with both fittings, are 

more than one order of magnitude higher than in THF (~10 ns). The average lifetime 

associated to the monomer emission calculated by KWW fitting is observed to decrease 

from ~220 to ~20 ns passing from the 0.5% to the 26% TTM-doped ONPs, following the 

same trend of the luminesce quenching. For the most doped sample the nature of the 

emission is purely excimeric, and all the details on excimer lifetime will be provided in 

next Chapter. Except for the excimer formation, TTMd- and PTMd-ONPs show exactly the 

same behaviour.  

As it was mentioned at the beginning of this Chapter (§2.1), a strong enhancement of both 

luminescence and emission lifetime was observed also in the case of triphenylmethane 

dye increasing the viscosity of the medium12. Since the effects on optical properties are 

analogous, it is reasonable to assume that also for PTMs, this enhancement could be 

ascribed, as in the case of triphenylmethane dyes, to the suppression of the internal IC 

processes associated to the rotations of the phenyl rings.   

 

2.5.3 Study on Photostability 

The photostability of TTMd-ONPs was evaluated as in the case of PTMd-ONPs and 

compared with TTM radical in THF. The emission intensities of monomeric and excimeric 

bands of deoxygenated 13% TTMd-ONPs aqueous suspension (the brightest sample in 
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which are well defined both monomer and excimer emission) were measured as a 

function of time under continuous irradiation at the wavelength of 375 nm, in order to 

estimate the photobleaching rate. The results were compared with TTM solution in 

deoxygenated THF (Figure 2.20). To obtain reliable results, oxygen was removed from 

both samples. 

 

Figure 2.20: Luminescence decay of TTM in deoxygenated THF solution (blue points), and 13% TTMd-ONPs 

deoxygenated water suspension (monomer-like emission band, orange points; excimer emission band, red 

points) under continuous irradiation at 375 nm. Inset: luminescence decays of monomeric and excimeric 

bands of 13% TTMd-ONPs for time > 1h, together with the corresponding monoexponential fitting curves 

(black lines). 

 

The decay of the monomer-like band is characterized by two components: the first one 

dominating up to 400 s, which matches with the decay of TTM in solution, and a second, 

slower one, sensibly contributing at longer times. Two components can be recognized also 

in the decay of the excimeric band, but in this case the photobleaching is faster than for 

TTM in solution, as expected for a dimeric species. The two components found for the 

photobleaching process in ONPs could be due to the different environment experienced 

by TTM molecules on the surface of ONPs with respect to TTM molecules in the inner part 

of ONPs; more exposed and less hindered the former (leading to faster 

photodegradation), while completely surrounded by host molecules the latter (leading to 

slower photodegradation). The decay curves for times longer than 1 h (i.e. minimizing the 

effect of the faster photodegradation ascribed to the surface effect) were fitted through 

mono-exponential curves (inset of Figure 2.20, §2.8.5). The time constant extracted for 

the monomer-like emission, 6.05∙105 s, is about twice the time constant estimated for the 

excimer emission, 3.16∙105 s, confirming the dimeric nature of the species emitting at long 

wavelengths. This is a further evidence that the excimer emission is due to bi-molecular 

supramolecular species, so to a persistent and stable radical pair. 
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2.6 Emission Characterization of TTM doped PMMA films 

Also in the case of TTM it was evaluated the luminescence behaviour when dispersed in a 

PMMA film. Since TTM showed the tendency to form excimers for high enough 

concentrations, PMMA films doped with different amounts of TTM were prepared, in 

particular 1%, 5%, 10%, 15% and 20% in weight (§2.8.6). In all samples it is possible to 

recognize signals of aggregation and starting from the 10% TTMd-film the excimer 

emission is also well defined and with an intensity comparable with the monomeric one 

(Figure 2.21). 

 

 Figure 2.21: a) Normalized emission spectra of TTMd-PMMA films with different concentrations of radical 

(exc 377 nm). Inset (b): picture of the films under 365 nm illumination (radical concentration increasing from 

left to right). 

 

Table 2.7: Summary of the emission properties of TTMd-Films. 

% of TTM 
(% in mol.) 

λmax 

(nm) 
φL

[a] 

1 566 0.26 

5 572 0.09 

10 572 / 734 0.04 

15 572 / 732 0.03 

20 572 / 736 0.02 

[a] the value is referred to both monomer and excimer emission. 

 

Analysing the data on the 𝜙𝐿 , reported in Table 2.7, it is possible to observe higher 

luminescence (for the 1% TTMd-Film) if compared with PTMd-film (§ 2.4). This result is 

not surprising if we consider that in all the systems studied (77K frozen solution and TTMd-

ONPs) the less chlorinated radical exhibited always better luminescence properties than 
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the perchlorinated one (PTM). As PTM, also TTM shows lower luminescence in the 

polymeric matrix compared with ONPs. We will see in the next Chapter (§3.4) that this 

lower efficiency, as already mentioned in §2.4, is due to the lower rigidity and consistency 

of the polymeric host, which allows higher dopant mobility. 

 

Table 2.8: TTMd-films excited state lifetimes of the monomeric band estimated by tri exponential (for 

each component it is indicated the contribution) and stretched exponential fit. 

Sample 
3-exp fit Stretched-exp fit 

τ1 (s) τ2 (s) τ3 (s) <τ> (s) <τ> (s) h[a] 

1% TTMd-
Film 

9.10E-08 3.70E-07 1.5E-08 
2.07E-07 7.50E-08 1.8 

50.73% 43.36% 1.7% 

5% TTMd-
Film 

4.80E-07 5.7E-08 8.1E-09 
3.36E-07 3.60E-08 1.9 

66.78% 26.05% 7.17% 

10% TTMd-
Film 

2.30E-08 8.5E-08 4E-09 
4.12E-08 9.50E-09 2.3 

52.6% 33.5% 16.9% 

15% TTMd-
Film 

2.1E-07 1.9E-08 3.4E-09 
1.10E-07 1.80E-08 6.1 

48.86% 36.91% 14.24% 

20% TTMd-
Film 

5.1E-07 6.00E-08 1E-09 
4.30E-07 2.50E-07 4.2 

82.94% 10.85% 6.21% 

Fitting results were judged by the reduced 𝜒2 value (𝜒2 < 1.2); [a] h=1/β. 

 

For TTMd-fims it was also estimated the excited-state lifetime for the monomeric and 

excimeric bands. Also in this case at least a tri-exponential fitting was required in order to 

fit properly the decay, so it was also calculated using the KWW function for the fitting. 

Limiting our attention on the monomeric band, the TTM in films shows shorter lifetimes 

if compared with ONPs suggesting a higher value for the 𝑘𝑛𝑟, as confirmed by the low 

value of 𝜙𝐿. 

Regarding the heterogeneity of the sample, as already observed for ONPs, the h 

parameter grows increasing the percentage of doping. It is interesting to notice that 

polymeric films shows higher values of h, thus, in this kind of matrix TTM molecules are 

worse solvated compared with the case of doped ONPs in which the radical precursor was 

adopted as host matrix. 
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2.7 Conclusions and Perspectives 

The absorption properties of TTM and PTM radicals are unaffected by the dilution in an 

organic rigid host while emission properties were strongly improved to the restriction to 

intramolecular motions induced by the rigidity of the environment. In ONPs the 

luminescence quantum yield is improved of about a factor twenty, while the emission 

lifetime grows from less than 10 ns in solution to more than 100 ns. In PMMA films, where 

a worst radical solvation occurs and the host is characterized by a lower rigidity, the 

improvement of the luminescence is of a factor ten and the excited state lifetimes rises of 

about 80 ns. In both cases, the results are comparable with the ones reported for 

triphenylmethane dye, suggesting that also for the investigated radicals the non-radiative 

deactivation could be ascribed to the rotation motions of the phenyl rings, as typical for 

propeller-shape molecules 

In ONPs, not only we assisted to an impressive improvement of the luminescence, but also 

to the reduction of the photobleaching rate. This aspect is very important, since 

demonstrates that in solid-state luminescence applications organic radicals can lead to 

good performances both in terms of luminescence and stability. 

Interesting is the case of TTMd-ONPs in which a dual emission in the NIR region due to the 

formation of excimers was observed. In the next Chapter a detailed description of the 

excimer formation process and their possible application in bio-sensing applications will 

be discussed. 

 

 

 

2.8 Experimental section 

2.8.1 Absorption and Emission of TTM and PTM at 77K 

2-Methyl THF (Sigma-Aldrich, HPLC quality) was used after drying overnight with 

molecular sieves type A3 and after filtration with 0.45 μm PTFE filters. All solutions were 

prepared, sonicated for 1 minute and stocked in the dark. To obtain transparent glassy 

matrixes, 2-MeTHF solutions were rapidly cooled (about 20 K per minute) to 77 K. 

Absorption spectra were measured with a Perkin Elmer Lambda 650 Spectrometer. 

Luminescence spectra were measured with a Horiba Jobin-Yvon Spectrofluorometer 

Fluoromax-3. 

 

2.8.2 General Procedure Used for DLS measurements 

Dynamic Light Scattering (DLS) and Z-potential measures were performed with a Malvern 

Nano ZS using a laser at 633 nm at room temperature. Each measure consists in 13 scans 

and the reported values are given as the average value of three measures. 
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2.8.3 General Procedure for TEM measurments 

Samples were observed using transmission electron microscopy (TEM) with the aid of 

negative staining. One drop of the sample was applied to glow-discharged carbon-coated 

copper grids (SPI) for 3 minutes. Subsequently, one drop of 2% uranyl acetate was placed 

on the grid for 1-2 min before being drained off. The grid was then placed in a transmission 

electron microscope (Jeol JEM 1400) operating at an accelerating voltage of 120 kV. 

Images were acquired using an Orius SC200 (Gatan). 

 

2.8.4 General Procedure for the Determination of the Excited State Lifetime 

Fluorescence decays were measured under excitation from pulsed NanoLED @ 370 nm, 

close to the wavelength of maximum absorption of the samples, with a Horiba Jobin-Yvon 

Spectrofluorometer Fluoromax-3 

 

2.8.5 Fitting Results for PTM and TTM Photobleaching Results 

Photodegradation of the solutions and of ONPs suspensions was evaluated by monitoring 

the luminescence over time under continuous irradiation of the stirred samples 

(instrument: Cary Eclipse Fluorescence Spectrophotometer). Luminescence was 

measured at 5-second time intervals. Decay were fitted with the exponential fitting of the 

software Origin 2015® using the function: 

𝑦 = 𝐴1 ∗ exp(−𝑥 𝑡1⁄ ) 

The Figure of merit for the fittings are reported in Figure 2.22 and 2.23  

 

  

Figure 2.22: Residual plots for the fitting of the 6.5% PTMd-ONPs (left) and PTM in THF solution (right) 
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Figure 2.23: Residual plots for the fitting of the 13% TTMd-ONPs monomeric emission (left) and excimeric 

emission (right). 

 

2.8.6 Preparation and Characterization of PTM and TTM doped PMMA films 

 PMMA (Sigma-Aldrich m.w.=960000) was dissolved in Chloroform (Tecknocroma HPLC 

grade) 10% w/w, then the radical was added in a specific ratio: 1% w/w for PTM and 1%, 

5%, 10%, 15%, 20% w/w for TTM. For the deposition, 80 microlitres of the solution were 

drop-casted on a quartz substrate. When the solution was dry, films were stabilized under 

vacuum for 4h.  

Fluorescence decays were measured under excitation from pulsed NanoLED @ 370 nm, 

close to the wavelength of maximum absorption of the sample, with a Horiba Jobin-Yvon 

Spectrofluorometer Fluoromax-3. Luminescence quantum yields of the films were 

evaluated with a Horiba Quanta-ϕ integrating sphere coupled with the Fluoromax-3 

Fluorometer, using a film of pure PMMA as the reference scatter. 

 

 

2.8.7 Scattering Correction for PTM and TTM doped ONPs 

The PTMd-ONPs absorption spectra were corrected by scattering as described in § 2.31 

(Figure 2.11). 

Nanoparticles of pure TTM-αH were prepared with the standard precipitation procedure: 

a solution 2 mM of TTM-αH in THF (HPLC grade) was prepared and filtered using Teflon 

filter of 220 nm. 100 μL of this solution were slowly dropped in 9.9 mL of MilliQ water at 

room temperature under vigorous stirring (1000 rpm). Absorption spectra were recorded 

with an Agilent UV-Cary 5000 Spectrometer. The absorption spectrum of this suspension 

is affected only by scattering (TTM-αH does not absorb in the 280-900 nm range) so the 

scattering has been fitted, modified in order to match with the scattering of each sample 

and then subtracted to all the TTMd-ONPs  suspensions (Figure 2.19) 
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Figure 2.24: Scattering correction for TTMd-ONPs suspensions. 
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Chapter III 
TTM Excimers: Origin, Properties and Bio-Sensing 
Applications in Nanothermometry 
 

 

3.1 Introduction 

In the previous Chapter we analysed the effect of confining PTM and TTM radicals in 

organic rigid matrixes. The breaking of interactions among radical molecules, together  

with the increase in the rigidity of the host-guest system, as already reported by Hattori 

et al.1, determines an increment of the radical luminescence. For very low-doped samples 

it was obtained, for both radicals, a considerable increase of the 𝜙𝐿, in particular in the 

case of ONPs, in which an optically neutral propeller-shape molecule precursor of TTM 

radical, was used as matrix. Although all the studied systems showed ACQ with increasing 

of radical concentration, in TTM doped samples this phenomenon was partially reduced 

by the formation of emissive excimers, which constitute the first, and up to now unique, 

example of emissive excimers of a stable carbon free-radical. 

In this Chapter we will identify the correlations between molecular structure and excimer 

formation. In effect, if from one hand it is clear why the rigid host can improve the optical 

performances of PTMs, less clear is why only TTM presents a well-defined excimeric 

emission. Then, the influence of the different matrices on the photoassociation process 

will be presented giving an explanation to the different emission behaviour of TTM 

excimers in the two doped systems (ONPs vs. PMMA films). Finally, thanks to the 

possibility offered by TTMd-ONPs to tune the excimer dissociation energy varying the TTM 

doping concentration, it will be presented how TTM doped ONPs can be employed as self-

assembled full-organic ratiometric nanothermometers for bio-sensing. In fact, as we will 

see, ONPs offer elevate colloidal stability and maintain unaltered their emission changing 

physico-chemical parameters, such as pH or ionic strength, offering high reproducibility 

in a very inhomogeneous environment like the cellular one.2 

 

3.1.1 Excimer Formation and Dissociation 

The term “excimer”, which stays for excited dimer, was introduced by Stevens et al.3 in 

order to describe the product  of a photophysical process observed for the first time by 

Föster and Kasper studying the fluorescence of pyrene  in solution.4 They observed a 

change in the fluorescence spectrum of pyrene and some of its derivatives with increasing 

the concentration. Pyrene fluorescence spectra at different concentrations showed a 

quenching of the monomer emission and the appearance of a new structureless and 

broad luminescence at lower energy (Figure 3.1). Since no changes occurred in the band-
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shape of the absorption spectrum changing the concentration, this lower-energy emission 

was attributed to a new species that exists only in the excited state, i.e. an excimer. 

 

Figure 3.1: Fluorescence spectra of pyrene in n-hexane. T = 20°C, c (mol/L): 5 x 10-5 (a), 1.8 x 10-4 (b), 3.1 x 

10-4 (c), 7.0 x 10-4 (d).4 

 

The formation and the dissociation of an excimer (AA)* of a monomer A, is described in 

the Scheme 3.1. This, after the irradiation of the solution with an opportune wavelength, 

A* (monomer in an electronic excited state) is generated and it associates with a close 

unexcited molecule of A. 

 

Scheme 3.1: Reaction scheme of the excimer formation and dissociation. The symbol * indicates an 

electronic excited species. 

 

The association has to be fast, because it can take place during the excitation of the 

monomer, so it has to be diffusion-controlled. This fact implies that 𝑘𝑎 , the constant 

related to the excimer formation, will be viscosity depend.5 The molecular interactions 

responsible for the excimer formation are of short range (≈ 3 – 4  Å)6 and the presence of 

steric hindering groups can inhibit the approach of the two molecules.7 Intramolecular 

excimer formation has also been observed between two aromatic parts which are not 

sterically hindered to approach each other.8 The excimer formation is the sum of different 



70 
 

intermolecular forces and in particular these attractive interactions are charge transfer 

and dipole-dipole (exciton) interactions7. Since the difference in energy between the 

monomer and the excimer emission is of about 6000 cm-1 for a “sandwich excimer”, none 

of the two interactions alone is able to justify such difference in energy4. 

Stevens and Ban elaborated a spectroscopic method in order to determine the enthalpies 

of photoassociation9 (-ΔHA) (§3.4), which in the case of pyrene, l,2-benzanthracene, 2-

methylnaphthalene, 1-fluoronaphthalene and acenaphthene are in the region of 6-9 

Kcal/mol. Since these values are not enough in order to justify the red-shift of the 

excimeric emission (~ 17 kcal/mol), a repulsion energy ER between the unexcited 

molecules must be introduced (Figure 3.2). This repulsive ground state is the reason for 

which is not possible to observe variation in the absorption spectrum of the dimeric 

species, but only in emission. 

Figure 3.2: Potential energy diagram for excimer photoassociation.9 

 

 

3.1.2 Excimer Formation in Rigid Matrices 

All these considerations are valid for the excimer formation in solution, were the word 

excimer is referred to a supramolecular species with a well-defined geometry and binding 

energy.  The process of excimer formation is quite different when molecules are dispersed 

in rigid matrices like polymeric films or nanoparticles. In both cases, the photoassociation 

process is not diffusion-controlled and for this reason is more opportune to speak in terms 

of “pre-formed excimer”, “ground-state dimer” or “incipient excimers”,6,10,11 since the 

two monomers are already close when they are in the ground state. In a rigid host, 

diffusion is strongly hindered so the displacements or rotations needed in order to form 

the excimers occur very fast, at the time-scale of ps.6 This is the case of TTM excimers in 
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ONPs or PMMA films, where the different hindrance offered by the two matrices strongly 

affects the photophysical properties of the resulting excimers. 

 

 

3.2 The Role of the Molecular Structure on Excimer Formation 

Before illustrating the role played by the matrix in the excimer formation in which radical 

molecules are dispersed, we will analyse if also the molecular structure of the radical plays 

any role. In fact, despite the strong analogies between the PTM and TTM molecular 

structures, only the less chlorinated radical exhibit a strong tendency to form excimers in 

rigid matrices. A possible answer can be obtained analysing the crystallographic structure 

of the two radicals. 

For PTM are reported the crystalline structures for several polymorphs,12 one of these 

polymorphs shows the same symmetry of the TTM,13 for which only one crystalline 

structure has been reported.14 Analysing the monoclinic structures of PTM and TTM 

radicals, having symmetry C2/c, it is possible to see how the distance between two phenyl 

rings belonging to two neighbouring molecules is strongly affected by the chlorine atoms 

in meta positions (Figure 3.3). 

In both cases, the minimum distance between two neighbouring molecules is between 

two carbons in meta position. In the case of TTM this distance is 3.854 Å, while for the 

perchlorinated radical the presence of chlorine atoms in meta determines an increment 

of this distance to 4.237 Å, with a difference of about 0.4 Å. As we said in the previous 

Section, usually distances lower than 4 Å are required for the formation of excimers. 

Although the real geometry of TTM excimers is unknown, this consideration about the 

distances, as we will see in § 4.3.4.2, can provide a good guideline for the design of radicals 

able to form excited dimers when used as guests is rigid matrices. 

 

Figure 3.3: Distances between the closest carbon atoms of two neighbouring molecules in PTM (4.237 Å) 

and TTM (3.854 Å) monoclinic crystallographic structure. 

PTM TTM 
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3.3 The Role of the Matrix on Excimer Formation 

3.3.1 Excimer Properties in ONPs Based on TTM-αH 

In the previous Chapter we focalised our attention on the colloidal properties of ONPs 

doped with PTM and TTM radicals, and on how the confinement in a rigid environment 

was able to increase of more than a factor ten the 𝜙𝐿of both molecules. Surprisingly, we 

have found that ONPs with a percentage of TTM equal or higher than 6.5% in mol. 

exhibited a dual emission, with a band corresponding to the monomer emission and a red-

shifted structureless broad band that was attributed to the excimer formation. 

 

Figure 3.4: Normalized emission spectra of TTM doped ONPs. The samples were excited at 377 nm. 

 

As we already commented in the previous Section, it is more correct, in solid solutions at 

high concentrations, to speak about “preformed” excimer. Since the host molecules 

prevent the diffusion of doping molecules, it is during the self-assembly process of ONPs 

that two TTM molecules have to be “trapped” inside the ONP close enough in order to 

generate the dimer. 

In effect, if we analyse the trend in the emission spectra of the different samples within 

different radical concentrations, it is not possible to identify an “isoemissive” or 

“isostilbic” point, i.e. a point in which all the curves intercept, typical of excimeric systems 

in solution4. This is due two factors: the first one is that the 𝜙𝐿 is not constant varying the 

doping concentration because the system is affected by a strong ACQ. The second one is 

that in the case of ONPs the emission is not given by only two structurally well-defined 

species (monomer and dimer) due to the heterogeneity of the sample. In effect, while in 

solution the word “excimer” defines a supramolecular species with well-defined 

geometry, so a well-defined binding energy, in a solid host the hindering effect of the rigid 

environment can prevent the possibility to the excited dimer to achieve the optimum 

condition for the excimer formation15. In fact, analysing the normalized emission spectra 

for TTMd-ONPs in Figure 3.4, it is evident, mostly in the case of the excimeric band, a red-

shift of the emission with increasing the concentration of dopant.  
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Figure 3.5: Normalized emission spectra for TTM in THF solution and 0.5% TTMd-ONPs. 

 

In the very low doped sample 0.5% TTMd-ONPs, each TTM molecule dispersed inside the 

ONPs is completely surrounded by the host molecules, TTM-αH, so radicals are found in a 

sort of “solid solution” in which solvent molecules are constituted by TTM-αH molecules. 

This is confirmed by the fact that the 0.5% TTMd-ONPs sample and TTM in THF present 

an almost identical emission (Figure 3.5). Signals of aggregation can be recognize in the 

3% TTMd-ONPs. The excimeric band is clearly distinguished starting from the 6.5% TTMd-

ONPs suspension, where the excimer emission is centred close to 645 nm. For this sample 

the difference in energy between the monomer and excimer emission (ΔEM-E) is of 2157 

cm-1 (6.17 kcal/mol).  In the 13% TTMd-ONPs sample, the excimeric band is well-defined 

and exceeds the monomeric one (Figure 3.4). In this case, the difference in energy 

between the monomer and dimer emissions is of 2370 cm-1 (6.78 kcal/mol). 

 

Table 3.1: Variation in energy between the monomeric and excimeric bands changing the percentage of 

TTM radical in the ONPs. 

Sample 
λMON  

(nm) 
λEXC  

(nm) 
ΔEM-E 
(cm-1) 

ΔEM-E 
(kcal/mol) 

6.5% TTMd-ONPs 567 646 2157 6.17 

13% TTMd-ONPs 567 655 2370 6.78 

26% TTMd-ONPs 572 669 2535 7.25 

50% TTMd-ONPs 572[a] 685 2884 8.25 

[a] The value is assumed since it is not possible to observe the emission of the monomer in the 50% TTMd-

ONPs 
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A further red-shift of the excimeric band is observed increasing the amount of doping 

radical up to a difference in energy of 2884 cm-1 for the 50% TTMd-ONPs suspension (8.25 

kcal/mol) (Table 3.1). 

A possible explanation of this process is presented in Scheme 3.2.  An increase of the TTM 

radical concentration inside the ONPs corresponds to a reduction of the average distance 

r between the two radical molecules constituting the incipient excimer (TTM-TTM ground-

state dimer). In this context, a reduction of r decreases the binding energy of the excited-

state associated to the excimer15. The hindering effect of the host prevents to the excited 

dimers to achieve the optimum geometrical conditions for the excimer formation, so the 

distance r of the ground-state dimers remains unvaried during the excitation process. 

Evidence of more conformationally relaxed excimer configuration increasing the doping 

concentration has been also observed, for instance, in the case of triphenylammine doped 

PMMA films16.  

 

 

Scheme 3.2: Representation of the excimer formation and relaxation in ONPs. The red-shift in TTMd-ONPs 

increasing TTM doping can be ascribed to a reduction of average distance (r) between TTM-TTM ground-

state dimers. Thus a higher number of radical pairs in the optimum condition for the excimer formation is 

achieved for high doped samples.  

 

As we have already done for PTMd-ONPs and for the monomeric emission of TTMd-ONPs 

(§2.3.2-2.5.2), it is possible to estimate the heterogeneity of the system analysing the 

excited-state lifetime associated to the excimer. Since it was not possible to fit the 

excimeric decays with a mono-exponential function (§3.9.1, Table 3.3), the decays were 

fitted again using the KWW function (§2.3.2) and in this way it was possible to determine 

the emission lifetime and the h parameter (Table 3.1). 
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Table 3.1: TTMd-ONPs excimer excited state lifetimes estimated by stretched exponential fit. 

Sample 
Stretched-exp-fit 

<τ> (s) h[a] 

0.5% TTMd-ONPs - - 

3% TTMd-ONPs - - 

6.5% TTMd-ONPs 1.10E-07 4 

13% TTMd-ONPs 5.40E-07 4.4 

26% TTMd-ONPs 7.50E-07 1.5 

50% TTMd-ONPs 4.50E-08 4..1 

Fitting results were judged by the reduced 𝜒2 value (𝜒2 < 1.2); the reported values are the average time 
constants. [a] h=1/β (§ 2.3.2) 

 

The h values obtained for excimer decays, differently from what it was observed for the 

monomeric ones (§2.5.2), does not show any trend, but generally exhibit higher values 

compared with the ones associated to the monomeric emission (as expected for a dimeric 

specie in a rigid host). Moreover it has to be considered that for 6.5% and 13% TTMd-

ONPs samples, at the maximum of emission of the excimer band, there is a partially 

overlap between the monomeric and excimeric emission that can affect both <τ>  and h. 

For the sample 26% TTMd-ONPs, the monomeric band is almost quenched so, in this case, 

both the lifetime <τ> and h parameter are more reliable since can be ascribed at the pure 

excimeric band. The 50% TTMd-ONPs present a very low value of 𝜙𝐿 (lower than 1%), this 

can justify both the low value of <τ> (due to the increment of the 𝑘𝑛𝑟) and the high value 

of h (high number of aggregates). 

Interestingly, the lifetime associated to the excimer, not only exceeds the values obtained 

for the TTM in solution but also the values obtained for the monomeric emission in ONPs. 

In fact, <τ> presents values close to the μs (0.75 μs for  the 26% TTMd-ONPs). This long 

lifetime of emission, as we mentioned in §2.5.2, suggests the possibility of emission from 

a triplet radical-pair17, particularly interesting in the field of optoelectronics due to the 

possibility to overcome the problems associated to the exciton statistics and obtain 

efficient emission in the deep-red/NIR region (§ 1.3).  
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Figure 3.6: a) Normalized EPR signals for 13% TTMd-ONPs; b) Normalized EPR signals for 26% TTMd-ONPs 

water suspension 

 

In order to corroborate this hypothesis, steady-state EPR measures in dark and under 

white-light excitation were performed (§3.9.2). In these conditions it was not possible to 

see sensitive variations in the EPR spectra, since it was observed only a broadening of the 

signal that can be ascribed to thermal effects. In the case of the formation of the triplet 

radical-pairs, a forbidden half-field transition should be detected18, but no evidence of this 

transition were observed. Nonetheless, the lack of the half-field transition is not an 

incontrovertible proof of a singlet radical pairs because, as mentioned before, this is a 

forbidden transition, so it generally exhibits very low intensity and can be only detected 

in optimal experimental conditions. In effect, it has to be considered that EPR measures 

of radical doped ONPs presents several experimental problems: low concentration of 

radical, a rigid environment and the presence of water which drastically reduce the 

sensitivity of the technique. 

More direct Indications about the multiplicity of the emitting TTM radical pairs could be 

provided by measurements of photoluminescence and electroluminescence under 

magnetic field19. In collaboration with Prof. C. Adachi and Prof. Y. Tsuchiya of University 

of Kyushu (Japan), PL measurements under magnetic field on a 13% TTMd-ONPs 

suspension have been performed (Figure 3.7).  
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Due to some technical problems, it was not possible to characterize a fresh-prepared 

sample and the 13% TTMd-ONPs water suspension was analysed eight months after its 

preparation. In the sample it is still possible to recognize an excimeric emission, but the 

signal is lower than what expected. This decrement of the excimeric intensity could be 

due to diffusion effects of radical molecules inside the ONPs, which reduced the number 

of TTM-TTM dimers, thus the excimer emission intensity. Appling a magnetic field of 0.5T 

at room temperature, it was not possible to observe any changes in emission both in 

intensity and in shape. These preliminary results seem to suggest again the hypothesis of 

excimers given by singlet radical-pairs. For the future, TTM-αH films doped with TTM 

radical will analysed at low temperature and under magnetic field, in order to have an 

incontrovertible proof about excimer multiplicity. 

 

Figure 3.7: Normalized emission spectra of 13% TTMd-ONPs suspension at room temperature, before and 

after than a magnetic field of 0.5T has been applied 
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3.3.2 Excimer Properties in PMMA Films 

The different role played by the matrix (small-molecule vs. polymer) in the excimer 

formation process is clear analysing the emission spectra of the TTMd-films (Figure 3.8) 

and comparing them with TTMd-ONPs emission spectra (Figure 3.4). 

 

Figure 3.8: Raw emission spectra for TTMd-films (exc 377 nm). 

 

In fact, it is possible to identify several differences analysing the emissions of the two 

doped systems. The first one is that in the case of films it is possible to identify a quasi-

isostilbic point close to 665 nm. It is not a real isolstilbic point since the quenching of the 

monomeric emission is not followed by an increment of the excimeric one. In fact, for the 

samples 10%, 15% and 20% TTMd-films the intensity of the excimeric band is almost 

unaffected by changes in TTM concentration. This behaviour is far from the one exhibited 

by ONPs, in which it was possible to observe a first increment of the excimeric band with 

dopant concentration and then, for very high doped samples, a drastic quenching of the 

emission.  

Another relevant difference between doped ONPs and films is that for films there is no 

shift of the excimeric band increasing the amount of TTM.  In the case of ONPs the 

maximum of emission shift from 645 nm to 685 nm (Table 3.1), while in films is peaked at 

735 with a ΔEM-E of 3877 cm-1 (11.08 Kcal/mol). Such differences can be explained 

assuming that the long polymeric chains offer a less rigid and less compact environment 

compared with TTM-αH molecules. A graphic representation is shown in Scheme 3.3. The 

absence of a shift of the excimeric band means that the distance r between the TTM-TTM 

ground-state dimer is not a function of the TTM concentration (as in the case of ONPs), 

but rearrangements of the guest molecules are possible (more similar to the liquid 

solution)  inside the polymeric matrix20, which allow to achieve a conformationally relaxed 

excimer configuration. In fact the rigidity and the size of the environmental cage (the 

volume in which guest molecules are trapped) plays a major role in determining the type 

of excimer11. These changes in the distance between the TTM-TTM ground-state dimers 

and the (TTM-TTM)* excimers, determines also an increase of the ER, in fact in all the film 
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samples the excimer emission is in the NIR region with a red-shift of 993 cm-1 (2.84 

Kcal/mol) compared with the sample 50% TTMd-ONPs. 

 

 

Scheme 3.3: Representation of the excimer formation and relaxation in TTM doped PMMA films. The lower 

rigidity of the host allows to the ground-state dimers little diffusive motions once in the excited state, 

achieving the optimum condition for the excimer formation for all the concentrations of TTM radical. 

 

The polymeric matrix is a sort of “superviscous solution”, and for this reason it is possible 

to observe a quasi-isostilbic point that is completely absent in the case of doped ONPs 

(Figure 2.13). Moreover, the constant intensity of the excimer band in the range 10%-20% 

wt. of TTM doping, suggests a constant number of matrix domains in which the generated 

excitons can relax from a radical-pair21.  

 

Table 3.2: TTMd-films excimer excited state lifetimes estimated by stretched exponential fit. 

Sample 
Stretched-exp-fit 

<τ> (s) h[a] 

10% TTMd-Film 8.00E-08 6.6 

15% TTMd-Film 5.90E-07 1.3 

20% TTMd-Film 4.60E-07 3.4 

Fitting results were judged by the reduced 𝜒2 value (𝜒2 < 1.2); the reported values are the average time 
constants. [a] h=1/β  

 

Already in the previous Chapter we identified the polymeric host as a less rigid 

environment due to the lower values of 𝜙𝐿  and the shorter excited-state lifetimes 
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attained in TTM doped films. This tendency in lifetimes can be recognized also analysing 

the decays of the excimeric band (Table 3.2). The maximum value in lifetime of 0.59 μs is 

obtained for 15% TTMd-film, showing a lower value compared with the maximum one in 

ONPs (0.75 μs). Interestingly, also in PMMA films the lifetimes of the excimeric band in 

the different samples are close to the μs. Despite a low value of 𝜙𝐿, the emission in the 

NIR region of the TTM excimers in PMMA films is very interesting in the field of 

optoelectronics, due to the lack of efficient emitters in this spectral region. 

 

 

3.4 Thermal Dissociation of Excimers in TTMd-ONPs 

In order to get more information about the TTM-excimer association and dissociation, it 

was studied the emission of TTMd-ONPs water suspensions varying the temperature in 

the range 5-40°C. The 26% TTMd-ONPs suspension was used to perform this study 

because it is the sample that presents the highest brightness. The emission spectra at 

different temperatures are reported in Figure 3.9. In the range of temperatures 5-40°C, 

the monomer band increases and the excimer band decreases, as the temperature rises. 

Thus the monomer increase is at the expense of the excimer, so that a real isostilbic point 

exists at 594 nm, indicating a clear equilibrium between the two species.  

As mentioned in §3.1.1, Stevens and Ban proposed a spectroscopic method for the 

determination of enthalpies and entropies for the excimer formation:9 

𝑙𝑛
𝐼𝐸

𝐼𝑀[𝐴]
= −

Δ𝐻𝐴

𝑅𝑇
+

Δ𝑆𝐴

𝑅
                                              Equation 3.1 

 Where [A] is the concentration of the excimer-forming species, IE and IM are the 

integrated intensities of the monomeric and excimeric band respectively, R is the gas 

constant, T is the absolute temperature, ΔHA and ΔSA are the enthalpy and the entropy of 

photoassociation. 

Fitting the fluorescent ratio IE/IM  vs. 1/T (Stevens-Ban plot), it is possible to determine 

the ΔHA and ΔSA from the slope and the intercept respectively. 

However, this model is valid under two conditions: 

1. The systems should be in a temperature-range in which the photodissociation 

(characterized by the rate constant 𝑘𝑑) is the most efficient deactivation process. 

This condition can be simply expressed as 𝑘𝑑 ≫
1
𝜏𝐸⁄ , where 𝜏𝐸  is the excimer 

excited-state lifetime. 

2. The radiative and non-radiative rate constants of the monomer and excimer are 

independent by temperature. Since the non-radiative process are strongly 

affected by variations in temperature, this condition is approximately true if, for 

both monomer and excimer, 𝑘𝑟 ≫ 𝑘𝑛𝑟. 
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A system in which the first condition is verified, i.e. a regime in which the slope of the 

Stevens-Ban plot  is positive, is under the so called high-temperature limit (HTL) 

conditions22,23. 

 

Figure 3.9: Emission spectra for the 26% TTMd-ONPs suspension changing the temperature in the range 5-

40°C. 

 

In the range of temperature 5-40°C, the TTM excimers exhibits the behaviour typical of 

systems which are in HTL conditions (Figure 3.10). Since it is clear the presence of an 

equilibrium between monomer and excimer (isoemissive point at 594 nm) , in the HTL 

regime we can assume that the formation of excimers is under thermodynamic control, 

thus the slope of the linear part of the Stevens-Ban plot in Figure 3.9 (15-40°C) can be 

associated with the excimer binding enthalpy –ΔHA.
9,10,22,23

 

 

Figure 3.10: Stevens-Ban plot of 26% TTMd-ONPs 

 

The value of ΔHA obtained for 26% TTMd-ONPs is 4.29 kcal/mol, suggesting a repulsion 

energy ER of 2.96 kcal/mol (ΔEM-E for this sample is 7.25 kcal/mol, Table 3.1). This confirms 

the hypothesis of a low-repulsing ground state in ONPs. In fact, this low value of ER 
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compared with the typical values reported for excimers in solution,9 constitutes a further 

proof that the distance between the molecules constituting the TTM-TTM ground state 

dimers is essentially due to the concentration of the dopant, since only small 

rearrangements are possible in the rigid and compact matrix of ONPs. 

 

Figure 3.11: Emission spectra for the 26% TTMd-ONPs suspensiom changing the temperature in the range 

30-40°C and then cooling at 30°C 

 

The most interesting aspect of the sample is that it shows a full-reversible thermal 

behaviour, in fact increasing the temperature from 30°C to 40°C with a step of 1°C, and 

then decreasing directly the temperature to 30°C it is possible to recover 𝐼𝐸 (Figure 3.11), 

offering the possibility to use such ONPs suspension as optical, and as we will see also 

with a ratiomeric output, thermometer with a potential nanometric resolution. 

 

3.5 Nanothermometry 

Before to illustrate in detail the thermal sensing properties of TTMd-ONPs, it is opportune 

to provide a brief introduction to the theme of temperature determination with a sub-

micrometric resolution, i.e. nanothermometry. 

Nanothermometry is becoming a fundamental issue in several technological and scientific 

fields. Indeed, the miniaturization and the increment in power density in micro and 

optoelectronic devices, require an accurate determination, with a high spatial resolution, 

of the thermal effects generated in the device (self-heating, heat dissipation, etc.) in order 

to improve the performances.24–27 

Also in biology there is a rising interest in the intracellular thermal sensing,28,29 both for 

the diagnosis (heat production has been detected in the case of cancer)30 and for 

hyperthermia therapy in order to monitoring the temperature and avoid an over-

generation of heat during the therapy.31,32 
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All these different applications require different typologies of sensors able to work in 

different ranges of temperature, with variable levels of sensitivity, accuracy, spatial 

resolution, reproducibility and, in the case of biological systems, with no or moderate 

cytotoxicity and with optical and colloidal properties that are unaffected by changes in 

pHs, polarity or ionic strength, typical of the different biological environments. 

Nanothermometers can be distinguished between optical and electrical thermometers or 

between near- and far-field thermometers.33 In the branch of optical thermometers, a 

further classification can be between luminescent and non-luminescent. Non-luminescent 

optical thermometers are based in IR thermography, thermoreflectance, optical 

interferometry, Raman spectroscopy, and photoacustic spectrosopy.  

Luminescent sensors exploit the thermal dependence of the fluorophore emission for 

determining temperature (Figure 3.12) offering several typologies of outputs: spectral 

luminescence nanothermometry (shift of the emission changing the temperature), band-

shape luminescence nanothermometry (change in the relative intensities of the emission 

spectrum), polarization luminescence nanothermometry (influence of temperature on 

polarization anisotropy), bandwidth luminescence nanothermometry  (broadening of the 

signal due to the increase in temperature), decay-time nanothermometry (variation of the 

lifetime of the excited state).34 These sensors are usually based on organic dyes,35,36 

quantum dots (QDs),37 Ln3+ doped systems (UCNPs),31,38,39 polymers and hybrid organic-

inorganic systems.40 

In order to evaluate the performance of a thermometer we have to define a figure of 

merit, i.e. the sensitivity. The sensitivity relates the variation of a specific parameter, 

which is used as sensor output, with the temperature, so the greater the sensitivity the 

better the thermometer. The expression for the relative sensitivity S is:32,33 

𝑆 =
𝜕𝑄

𝜕𝑇
⁄

𝑄
× 100%, [% · 𝐾−1]                               Equation 3.2 

Where the Q(T) is the output of the sensor depending on the temperature T. This signal 

in function of the temperature, Q(T), is obtained fitting the experimental data graphically 

to polynomial interpolations. From this information it is possible to determine Sm and Tm 

which represent the maximum value of the relative sensitivity and the temperature at 

which this value occurs, respectively.  

The possibility to have a ratiometric versus a non-ratiometric sensor is another important 

issue that has to be considered.  A ratiometric output is given by the ratio between two 

signals in which one of them is used as a self-reference. This approach is very important 

since prevents a series of errors which can occur in the case of absolute fluorescence 

measurements, in which fluctuations in the concentration of the fluorophore or 

photobleaching can alter the thermal measurement.   
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Figure 3.12: Schematic representation of the possible effects caused by a temperature increment on the 

luminescence.34 

 

Despite the huge number of typologies of sensors, analyzing the state of the art it is 

possible to identify essentially two methods for the estimation of the temperature: decay-

time and intensity-based methods. For the decay-time typology it is used a pulsed source 

of light to study the variation in the lifetime (τ) due to the variation of the non-radiative 

decay  given by the changes in temperature according to the relation33: 

𝜏 = 
1

𝑘𝑟+𝑘𝑛𝑟
=

1

𝜏𝑟
−1+𝐴𝑒𝑥𝑝(

−∆𝐸

𝑘𝑇
)
                                               Equation 3.3 

Where 𝑘𝑟  and 𝑘𝑛𝑟  are the radiative and non-radiative constants respectively, τr is the 

radiative lifetime (at zero absolute temperature T), A is a pre-exponential factor, ΔE is the 

energy gap and 𝑘 is the Boltzmann constant. Lifetime based methods have the advantage 

to be virtually unaffected by scattering and reflection, by fluctuations in the excitation 
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light or by gradients in fluorophore concentration. However, it is based on the assumption 

that the non-radiative decay is a function of the only temperature, not considering for 

instance changes in viscosity due to the temperature variation that can play a major rule 

on the decay-time. Moreover, the technique requires a sophisticated set-up not available 

in many laboratories.  

Intensity methods use directly the emission intensity to detect temperature. This method 

offers not only a simpler set-up41 but also a faster measure compared with lifetime-based 

ones, in which a complicated data analysis is required.33 In order to have a ratiometric 

output, various experimental strategies have already been reported. One of the most 

used is the dual emission derived from different fluorophores bound together, or different 

states of aggregation of the same fluorophore, like excimers.32,36,41–43 As we have already 

mentioned, these sensors are defined as band-shape nanothermometers and the 

ratiometric signal is given by the fluorescent intensity ratio of the two emitters.33 

From the emission characteristics of TTMd-ONPs, where a dual emission monomer-

excimer is present, we can consider them as potential ratiometric band-shape 

luminescence nanothermometers. ONPs are particularly interesting in the field of bio-

sensing as alternative to QDs, in fact ONPs can combine superior brightness with 

biodegradability and low toxicity.44,45 Moreover, TTMd-ONPs emits in the region of deep-

red/NIR, thus very close to the first transparency windows of biological tissues (namely 

650-900 nm), offering the opportunity to obtain deep-tissue penetration.46 For this reason 

TTMd-ONPs suspensions have been studied focusing our attention on its potential 

application as intracellular nanothermometer. 

 

3.6 TTMd-ONPs as a Ratiometric Nanothermometer 

3.6.1 Optimization of the TTM Percentage of Doping 

In the §3.4 we have analysed the effect of the matrix in the process of the excimer 

formation. In the case of the ONPs, the distance between the TTM molecules constituting 

the excimer is a function of the TTM concentrations. Thus, also the excimer dissociation 

energy is different depending on the percentage of TTM doping, giving different responses 

to the temperature variation. For the development of thermal sensors based on TTMd-

ONPs it is needed the optimization of the radical doping percentage in order to attain the 

best sensitivity in the range of temperature of biological interest.  

The first consideration is based on the brightness of the sample. In this sense, 13% and 

26% TTMd-ONPs show the best and almost the same brightness, so three TTM 

percentages between this range of doping were tested, specifically 15%, 20% and 25% 

(§3.9.4). 
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Figure 3.13: Temperature-dependent excimeric (orange) and monomeric (blue) emission intensity for 20% 

TTMd-ONPs.  

 

The temperature was varied in the range 5-55°C. In order to limit the photobleaching, 

which does not affect in the same way the monomeric and the excimeric bands (§ 2.5.3), 

it was not recorded all the emission spectrum at different temperatures but only the value 

of intensity at the maxima of the monomeric (IM max) and excimeric (IE max) emissions, as 

shown in Figure 3.13 (§ 3.9.4). In Figure 3.14 are reported the temperature-dependent 

ratiometric output IM max /IE max for the three studied suspensions.  

 

Figure 3.14: Temperature-dependent ratiometric output in 15%, 20% and 25% TTMd-ONPs suspensions.  

 

10 20 30 40 50 60
10

20

30

40

50

60

70

In
te

n
s
it
y
 / 

A
.U

.

Temperature / °C

 Monomer (emission at 570 nm)
 Excimer (emission at 660 nm)

0 10 20 30 40 50 60

0.2

0.4

0.6

0.8

1.0

1.2

1.4
 15% TTMd-ONPs (5% vol. THF)

I M
 m

a
x
  
/I

E
 m

a
x

Temperature / °C
0 10 20 30 40 50 60

0.2

0.4

0.6

0.8

1.0

1.2

1.4
 20% TTMd-ONPs (5% vol. THF)

I M
 m

a
x
 / 

I E
 m

a
x

Temperature / °C

0 10 20 30 40 50 60

0.2

0.4

0.6

0.8

1.0

1.2

1.4
 25% TTMd-ONPs (5% vol. THF)

I M
 m

a
x
/I

E
 m

a
x

Temperature / °C



87 
 

The sensitivity for the three systems (Figure 3.15) was calculated according to the 

Equation 3.2 and the procedure is described in § 3.9.4. The sample with the 20% of TTM 

presents the best sensitivity all along the investigated range of temperature. In particular 

it exhibits a Sm = 3.6 %K-1 at Tm of 30°C, with an average sensitivity in the range 32-42°C of 

3.4 %K-1, one of the highest value reported for a nanothermometer based on small 

fluorescent molecules using the intensity method.32 

 

Figure 3.15: Temperature sensitivity of 15%, 20% and 25% TTMd-ONPs. 

 

Hence, 20% TTMd-ONPs suspension was chosen as nanothermometer for the further 

analysis and optimization. In fact, up to now, we have considered the ratiometric output 

of TTMd-ONPs suspensions with traces of THF (5% in volume) due to the preparation 

technique (re-precipitation method, § 2.2). So, as a first further step, we will study the 

effect of the THF removal on spectroscopic and colloidal properties on the ONPs 

suspension, since for bio-sensing application is crucial to avoid traces of organic solvents 

which increase the cytotoxicity of the system. 

 

3.6.2 The Effect of the Organic Solvent Inclusion  

In order to evaluate the effect of the residual THF which is present in the ONPs suspension, 

it was studied the ratiometric output of  20% TTMd-ONPs suspension with the 5% in vol. 

of THF, and the suspension in pure MilliQ water obtained by the dialysis of sample with 

THF in MilliQ water as described in § 3.9.3. Analysing the ratiometric output of the two 

suspensions (Figure 3.16a) it is clear that the elimination of the organic solvent is followed 

by a reduction of the sensitivity. In effect, ONPs dispersed in pure MilliQ water show a Sm 

= 2.82 % K-1 at Tm = 37°C and an average sensitivity of 2.78 %K-1 in the range 32-42°C 

(Figure 3.16b). 
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Figure 3.16: a) Temperature-dependent ratiometric output of 20% TTMd-ONPs suspensions with 5% in vol. 

of THF and in pure MilliQ water; b) temperature sensitivity of 20% TTMd-ONPs suspensions in 5% in vol. of 

THF and pure MilliQ water. 

 

In order to evaluate if the elimination of the residual organic solvent determines also a 

changes in size, size distribution  and morphology, DLS measures and TEM images of the 

suspension after the dialysis process were acquired (Figure 3.17). 

 

Figure 3.17: Left) TEM images of 20% TTMd-ONPs after the dialysis. The size and the morphology of the 

ONPs is unaffected by the dialysis process, since ONPs show the same aspect of samples reported in Figure 

2.9; Right) Size distribution of 20% TTMd-ONPs after the dialysis. 

 

As it is observed in Figure 3.17, the dialysis does not affect neither the morphology nor 

the size of ONPs. ONPs present a uniform monomodal size distribution, with an average 

diameter of 106±21 nm, a Z-potential of -42 mV and a spherical shape, exactly as observed 

for samples containing THF. In conclusion, despite a lowering of the sensitivity, the sample 

is still a good thermal sensor with a potential sub-micrometric resolution. Thus, in order 

to move one step forward towards its possible biological applications, its spectroscopic 
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and colloidal properties will be tested in similar conditions to the intracellular 

environment. 

 

 

3.6.3 The Effect of the Dilution and Ionic Strength  

If we want to use our ONPs as a ratiometric nanothermoemter we have to verify that the 

thermal output is independent of fluctuations in concentration of ONPs. The thermal 

output of 20% TTMd-ONPs in pure MilliQ water was compared with the one derived by a 

dilution 1 to 3 of the original sample (20% TTMd-ONPs dil). Results are presented in Figure 

3.18. No further dilution were tested in order to maintain a concentration of ONPs 

sufficient to give a ratiometric output with a good signal to noise ratio. 

 

Figure 3.18: a) Temperature-dependent ratiometric output of 20% TTMd-ONPs suspensions in pure MilliQ 

water and 20% TTMd-ONPs after a dilution 1 to 3; b) Normalized temperature-dependent ratiometric 

output of 20% TTMd-ONPs suspensions in pure MilliQ water and 20% TTMd-ONPs after a dilution 1 to 3. 

 

The output of the two suspensions is not exactly the same, in particular, the signal of the 

diluted sample seems to be shifted compared to the no-diluted one (Figure 3.18a). This 

difference could be due to the different scattering in the two systems. In order to verify 

this assumption the two signals were normalized respect to the maximum (Figure 3.18b): 

the normalized spectra are identical, demonstrating that the system exhibits a perfect 

ratiometric output. 

Since the two systems show the same behaviour, also the sensitivities are the same 

(Figure 3.19). The verification of the independence of the output with concentration is a 

fundamental issue in the field of bio-imaging, because it is possible that ONPs are 

accumulated in specific areas of the cells.47,48 
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Figure 3.19: Temperature sensitivity of 20% TTMd-ONPs suspensions with in pure MilliQ water and 20% 

TTMd-ONPs after a dilution 1 to 3 

 

Another fundamental aspect that it has to be take into account is the ionic strength of the 

biological environment. Ionic strength is a measure of the concentration of ions in solution 

expressed with the following equation: 

𝐼 =
1

2
∑ 𝑐𝑖𝑧𝑖

2𝑛
𝑖=1                                                Equation 3.4 

where one half is indeed because we are taking into account both cations and anions, ci 

is the molar concentration of i-esim ion, zi is the charge number of that ion, and the sum 

is taken over all ions in the solution. Of course for a 1:1 electrolyte where each ion is singly-

charged, the ionic strength is equal to the concentration. 

The presence of salts can affect the colloidal stability of the suspensions determining the 

aggregation and the consequent precipitation of the ONPs. The most abundant ion in the 

cytoplasm is K+, with a concentration of about 139 mM.43 In order to evaluate the effect 

of the K+ ion on the colloidal stability of 20% TTMd-ONPs suspension, KCl was added in a 

fresh-dialysed sample in three different concentrations: 50 mM, 100 mM and 150 mM 

(§3.9.3). The three systems and the suspension in water were analysed by DLS one hour, 

twenty hours and six days after the addition of the potassium salt. The results are reported 

in Figure 3.20. 

In pure MilliQ water the system is extremely stable and no appreciable changes occur 

during six days. The addition of 50 mM and 100 mM of KCl does not cause any change 

after one hour, but in six days the average hydrodynamic diameter increase of about 14 

and 24% respectively, assuming values of the hydrodynamic close to 135 nm. The addition 

of KCl 150 mM induce an increment in the size distribution already after one hour. In fact 

the size pass from 110±21 nm to 140±30 nm (variation of 27%). After this increment the 

system seems to achieve an equilibrium since almost no sensitive changes occur in the 

lapse of time 20h-6days during which ONPs maintained almost the same distribution. It 

has to be underlined that incubation times for ONPs usually are shorter than 24h, and in 
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this lapse of time TTMd-ONPs did not show a sensitive variation in size in all the tested 

conditions. 

 

Figure 3.20: Effect of the ionic-strength on the colloidal stability of 20% TTMd-ONPs water suspension. KCl 

was added in three different concentrations: 50mM, 100 mM and 150 mM. 

 

 

Figure 3.21: a) Normalized emission spectra of 20% TTMd-ONPs in MilliQ water and in KCl aqueous solution 

[150 mM] at 20 °C; b) temperature-dependent ratiometric output of 20% TTMd-ONPs suspensions in pure 

MilliQ water during one cycle of heating and cooling; c) temperature-dependent ratiometric output of 20% 

TTMd-ONPs suspensions in KCl aqueous solution [150 mM] during one cycle of heating and cooling;  d) 

temperature-dependent ratiomentric output during the heating of TTMd-ONPs suspensions in pure MilliQ 

water and in KCl aqueous solution [150 mM]. 
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Despite these small changes in the size of the ONPs, the emission properties of the 

suspension are not affected by the variation in the ionic strength. In Figure 3.21 are 

reported the normalized emission spectra and thermal response of the sample in water 

and in 150 mM KCl aqueous solution. In both cases, the temperature-depend ratiometric 

output presents a completely reversible behaviour with temperature. At this step of 

characterization, the last parameter that we have to test in order to consider our system 

as a potential nanothermometer for intracellular thermal sensing was the pH. 

 

 

3.6.4 The Effect of pH and Thermal Stress 

The pH is another important chemical parameter to take in account for biosensing 

applications. The regulation of the pH is a fundamental process for the correct growth and 

function of the cell.  Metabolic activities, with their production of CO2 and lactic acid, can 

modify the intracellular pH inducing complex H+ transporting processes.49–51 

The spectroscopic and colloidal stability of 20% TTMd-ONPs were tested in the range of 

pHs 5-8 using phosphate-buffered saline (PBS) solution (§ 3.9.3). Analysing the DLS data 

of the three systems in Figure 3.22, seems that acid pHs promote the aggregation of the 

particles. The average diameter in the sample at pH 5 grows, in a few days, from 130±29 

nm to 151±34 nm, while in the sample at pH 6.5 it grows from 127±27 nm to 141±28 nm. 

The sample at pH 8 does not show signals of aggregation. 

 

 

Figure 3.22: Effect of the pH on the colloidal stability of 20% TTMd-ONPs in PBS solution. 
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In Figure 3.23 are reported the normalized emission spectra and the temperature-

dependent ratiometric outputs of the suspension at the three value of pHs. The three 

systems show the same optical behaviour. 

 

 

Figure 3.23: a) Normalized emission spectra of 20% TTMd-ONPs in PBS solution at pHs 5, 6.5 and 8 at 30 °C; 

b) temperature-dependent ratiometric output of 20% TTMd-ONPs suspensions in PBS solution at pHs 5, 6.5 

and 8; c) 20% TTMd-ONPs suspensions in PBS solution at pHs 5, 6.5 and 8 irradiated at 365 nm at 25°C. 

 

As last test, we checked the colloidal stability of the ONPs after a prolonged thermal stress 

(50°C for 2 hours) in order to evaluate the possibility to use our nanoparticles also as 

thermometer for the sensing of temperature in hyperthermia therapy. For this test 

different samples were tested: 20% TTMd-ONPs in pure MilliQ water (H2O), in KCl solution 

with a concentration of 150 mM (KCl), and in PBS solution at different pHs (pH 5, pH 6.5 

and pH 8) prepared adding only Na2HPO4 and NaH2PO4 (§3.9.4) in order to evaluate the 

effect of the different ion on the colloidal stability. Results are reported in Figure 3.24. 
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Figure 3.24: Effect of prolonged thermal stress (two hours at 50°C) on the colloidal stability of 20% TTMd-

ONPs in different conditions: pure MilliQ water (H2O), KCl solution with a concentration of 150 mM (KCl), 

and PBS solution with a ionic strength of 150 mM at different pHs ( pH 5, pH 6.5 and pH 8). 

 

The sample in MilliQ water does not show any tendency to aggregation, while the samples 

in PBS solution show an increment of the average size of about the 14%. Different is the 

case of the sample in KCl solution. In this case the average diameter size grows from 

136±27 nm to 291±83 nm. With the exception of this sample, the systems show high 

stability also in the case of a prolonged heating, opening to the possibility to be used as 

sensor for hyperthermia therapy. 
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3.6.5 Preliminary Biocompatibility Test and Fluorescence Bio-Imaging 

 As last step of the characterization of TTMd-ONPs as possible biological 

nanothermometers, in collaboration with Prof. Pau Gorostiza and Dr. Nuria Camarero of 

Institute for Bioengineering of Catalonia (IBEC), it was performed an in vitro assay on Tsa 

201 cells using a fluorescence optical microscope. In Figure 3.25 are reported the bright-

field, the fluorescence image and the merged image of Tsa201 cells irradiated at 380 nm 

(§3.9.5). 

 

 

Figure 3.25: From left to right: bright field image, fluorescence image and merged image of Tsa 201 culture 

with 20% TTMd-ONPs (incubation of 4h at 37°C) 

 

After the incubation (4h at 37°C) with 20% TTMd-ONPs, it is possible to see the 

luminescence of the ONPs, confirming their stability in the cell environment. After the 

incubation, cells are still alive presenting a good aspect (no apoptotic cell morphology) 

suggesting a good biocompatibility of our ONPs. The great part of ONPs seems to be on 

the cellular membrane, but from these images is not possible to understand if a part of 

ONPs is penetrated into the cytoplasm. 

In the future, new images with confocal laser scanning microscope will be performed 

together with biocompatibility tests on different cell cultures. The principal drawback of 

these ONPs is their maximum of absorption at 377 nm, a wavelength that can damage 

biological tissues. Hence, it will tested the possibility to perform intracellular thermal 

sensing using two-photon excitation in order to overcome the drawback of the UV 

excitation, which can damage the biological tissues, and increase the deep of penetration 

into biological tissues. 
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3.6.6 Strengths and Drawbacks of TTMd-ONPs as Organic Dual-Emitting 

Nanothermometer 

Comparing different typologies of nanothermometers is an extremely complicated task 

since several parameters are involved in the evaluation. In order to individuate and 

understand the strengths and the drawbacks of TTMd-ONPs as nanothermometers, we 

can start to analyze the state of the art about organic thermal sensors based on a dual 

luminescence. The best fluorescent dyes for  intensity-based nanothermometry (absolute 

changes in the fluorescence intensity by changing the temperature) are the so called 

“molecular rotors”, molecules in which are present ligands able to increase their rotation 

as a function of temperature, determining a quenching of the fluorescence.32 The most 

common molecule that exploits this mechanism is the rhodamine B (Figure 3.26), in which 

the rotation of the N-ethylenic group is the responsible of the thermal quenching.52 

 

Figure 3.26: Molecular structure of rhodamine B. The thermal fluorescence quenching is determined by the 

rotation of the N-ethylenic group. 

 

Rhodamine B exhibits high ε (~105 cm-1M-1 at 542 nm), elevated 𝜙𝐹, good stability and 

water solubility, for this reason was proficiently used as thermal sensor in microfluidics 

applications.53–56 Rhodamine doped organic films were used for the temperature 

determination of micro and nanowires57 and for on-chip temperature measuments.58 In 

all these applications the thermal output is not ratiometric, hence a calibration curve was 

needed. For biological applications, the possibility to calculate a calibration curve is not 

possible due to the elevated complexity of the biological environment. As we have already 

mentioned, ratiometric intensity-based nanothermometers require a dual emission in 

order to self-referred an obtaining in this way an output which is independent by 

fluctuations in concentration, ionic strength and pH. Wu et al. recently reported of ONPs 

doped with rhodamine B and rhodamine 110 as dual-emitting ratiometric 

nanothermometer.59 Rhodamine 110 has a molecular structure analogous to the one of 

rhodamine B, but in its case the N-ethyl bound is fixed, so its 𝜙𝐹 is almost unaffected by 

changes in temperature.60 The system developed by Wu and co-authors requires three 

preparation steps. In the first step the two dyes are mixed with a block-polymer forming 

a micelle-dye system.  Rhodamine B is quite soluble in water, and when dispersed in a 

host systems leads to diffusion and leaking from the matrix.61 For this reason 

paraformaldehyde and melanin are added to the dye-micelle suspension and the obtained 

mixture is heated in order to obtain a dye-micelle-polymer complex. Adding HCl and 
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heating at 100°C, the polymer gives cross-linking reactions, forming in this way the ONPs 

(Figure 3.27a) and preventing the leakage of the dyes. The suspension is stable to 

autoclave sterilization and lyophilisation. Moreover it shows a reversible ratiometric 

output in a wide range of temperature (-20 – 110 °C) and insensitivity to pH, ionic strength 

and viscosity variations. The average sensitivity in the range 20-90°C is of 7.6 %K-1. 

Nonetheless, if we analyse their ratiometric output focusing on the range of temperature 

used for the characterization of the 20% TTMd-ONPs (Figure 3.27b), the increment in the 

signal is less than 3 times while in the radical doped systems is 3.7 times (Figure 3.21b). 

 

Figure 3.27: a) Schematic representation of the preparation of rhoB/rho110 doped ONPs; b) ratiometric 

output of rhoB/rho110 doped ONPs in the temperature range -20 – 90°C. The green rectangle represents 

the range of temperature used for the characterization of TTMd-ONPs. In this range of temperature the 

output presents a variation of less than 3 times, against 3.7 times of 20% TTMd-ONPs. 

Rhodamine 110 was already used as non-responsive molecule in a work of 2013 of 

Zhegalova et al., in which it was covalently bound to a coumarine (Figure 3.28).62 

Figure 3.28: Molecular structures of : a) 7-diethylaminocoumarin-3-carboxylic acid; b) rhodamine 110; c) 

Coumarin-rhodamine conjugate used as ratiometric thermometer. 
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In its isolated form, the coumarine presents a high variation of the fluorescence (the 

coumarine has a N-ethylenic group able to rotate) with a 𝑆𝑚= 6.6%K-1. After that the 

coumarine is coupled with the rhodamine moiety, the new molecule shows a dual 

emission because the two part are not conjugated. Nevertheless, the increased rigidity of 

the new molecule determine a strong reduction of the thermal sensitivity that assumes 

an average value of only 0.5% K-1. 

 

Coumarines (C460) have been also used by Quian et al. in order to sensitize a Tb3+ metal-

organic framework (MOF) obtaining in this way a dual luminescence employed as thermal 

sensor.63 Thanks to the energy transfer between the dye and lanthanide, the MOF shows 

a ratiometric output in the temperature range -170 – 23°C with a 𝑆𝑚 of 4.8%K-1 at 23°C. 

Zhegalova and co-workers in 2014 used again rhodamine 110 together with a NIR emitting 

fluorophore (indocyanine green) as doping agents in ONPs for the development of dual-

emitting nanothermometers in the first biological transparency window.64 The host-guest 

system offered a better sensitivity compared with the covalently-bond one, offering an 

average relative sensitivity of 1.6%K-1.  Analysing the ratiometric output in one cycle 

heating-cooling (Figure 3.29), it is evident that the thermometer exhibits high hysteresis 

and a no-completely reversible behaviour. The authors attributed this behaviour to the 

very different photobleaching rate of the two dyes. In fact, the use of two fluorophores 

operating in two different spectral range can produce photobleaching effects that 

determines the loss of the ratiometric output. 

 

Figure 3.28: Ratiometric output of rhodamine 110/indocianyne green doped ONPs. The systems exhibits high thermal 

hysteresis and non-reversible behaviour, probably caused by the photobleaching of the indocianyne green64. 

 

A dual-emitting sensor can be also obtained using different states of aggregation of the 

same fluorophore, strategy that considerably decrease the complexity annexed to the 

realization of the sensor and the analysis of the data.  
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Baker et al. reported a dual-emitting thermometer based on the formation and 

dissociation of perylene excimers in ionic liquid,65 working in a range of temperature of 

25 – 140°C  and achieving a value of 𝑆𝑚 = 1.4%K-1 at 78°C.33  

Metal-organic Cu clusters have been proven to offer a thermal-dependent dual-emission 

in a wide range of temperature (-160 - 170°C), with a maximum sensitivity in the 

temperature range -30 –170°C of 0.28%K-1.66 

Perylene moieties were introduced by Schubert et al. in a water-soluble polymer which is 

able to form and dissociate the perylene excimers exploiting the  effect of the 

temperature on the polymer hydrophicility.67 For low temperature the polymer is more 

hydrophobic, assuming a coil conformation that promotes the excimer formation, while 

at high temperature, polymeric chains are completely dissolved inhibiting perylene 

excimer association. The system is able to cover a very limited range of temperature (10 - 

30°C) but with a 𝑆𝑚  = 4.5%K-1 at 21°C. Despite its good sensitivity, the perylene label 

polymer proposed by Schubert and co-workers cannot be employed for bio-sensing 

applications due to the very limited temperature range that can cover. 

In 2016 Karam and co-workers reported on a self-referred ratiometric nanothermometer 

based on short conjugated polyelectrolites.68 The short poly(phenylene ethynylene) 

carboxylate (PPE-CO2) chains in water exhibit a hydrophobic behaviour and are affected 

by π-π stacking, which induces the formation of J-aggregates  with a maximum of emission 

at 520 nm (the authors wrongly attributes this emission to excimers). In ethanol the short 

polymeric chains are well dissolved emitting at 420 nm. The changes in temperature 

promote the solubilisation of the polymeric chains, and analysing the fluorescent ratio 

between monomer and aggregates, PPE-CO2 can be used as single-component sensor in 

in the range 20 – 70°C  with a 𝑆𝑚 of 2.06%K-1 at 55°C. After the addiction of an amphiphilic 

polyvinylpyrrolidone (PVV), the solubilisation of the PPE-CO2 is strongly improved, offering 

a more sensitive ratiometric output (𝑆𝑚 =2.78%K-1) but at lower temperature (20°C) 

(Figure 3.30). 

Figure 3.30: Molecular structure and optical behaviour of PPE-CO2/PVV in 10mM HEPES and 150mM NaCl 

(pH7) buffer varying the temperature in  the range 20 – 70°C.68 
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Among all the presented examples of thermal sensors, whose properties resumed in Table 

3.3, TTMd-ONP suspensions offer several advantages. The first one is the simplicity of the 

system, in fact both the host and the guest are constituted by a small-molecule. Small-

molecules show several benefits if compared with polymers, since it is possible to exert a 

higher control on the molecular structure, higher reproducibility of the synthesis and 

easier purification. Moreover, both the host and the guest, TTM-αH and TTM radical 

respectively, are obtained as products of the same synthetic process (TTM-αH is the 

precursor of the radical, § 1.4.2). The ONPs are obtained for self-assembly of the two 

molecules in a single-step process. Thanks to the simplicity of the synthesis of the two 

molecules and their self-assembly properties, TTMd-ONPs constitute a perfect example 

of cost-effective thermal sensors. In pure water the colloidal stability of the suspension is 

impressive, offering the possibility to be stored for a long period of time without 

aggregation or radical-leaking phenomena. TTMd-ONPs show a ratiometric output, 

completely reversible and without hysteresis, in different environments. The only system 

able to compete with TTMd-ONPs as a nanothermometer for biological applications is the 

rhodamineB/rhodamine110 doped ONPs. Although the two systems demonstrated high 

colloidal stability and insensitivity to ionic strength and pH variation, in the range of 

temperature between 30 and 50 °C, TTMd-ONPs show a higher sensitivity. 

The second strength of TTMd-ONPs is provided by the open-shell electronic configuration 

of the emitter, which ensure optical performances unimaginable for close-shell 

fluorophores. Indeed, sensors based on organic closed-shell fluorophores show low values 

of Stokes shift and short lifetimes (~ns), which make these systems subjected to inner-

filter effects and scattering problems. Thanks to the large Stokes shift and their extremely 

prolonged emission lifetime (for both the monomeric and the excimerc emission) TTMd-

ONPs can avoid problems related to the self-fluorescence of the biological tissue or to the 

scattering of the excitation light, because simply applying a delay between the excitation 

and the detection it is possible to considerably increase the signal to noise ratio. In this 

aspect, TTMd-ONPs are more similar to up-converting nanoparticles (UCNPs), in which it 

is possible to excite at wavelengths longer than the one of the emission. Nonetheless, 

UCNPs show several drawbacks respect to organic systems, like a lower sensitivity, lower 

brightness and higher cytotoxicity. 

TTMd-ONPs, thanks to their emission in the deep-red/NIR, work into the first biological 

transparency window. If we consider that the maximum of ONPs absorption is at 377 nm, 

they should present their two-photon absorption maximum at longer wavelength than 

emission (approx. 750 nm) and always in the biological transparency region, achieving 

high penetration-depth and solving in this way also the problem associated to the UV 

excitation and its toxicity. Therefore, TTMd-ONPs constitute a full-organic luminescence 

ratiometric sensor able to join the strengths of both organic and inorganic sensors. 

Despite all these unique and interesting aspects associated to the radical nature of the 

emitting specie, It has to be noticed that TTMd-ONPs present the big inconvenient of a 

poor photostability. If from one hand the processing of TTM into a rigid organic matrix 

determine an improvement of the photostability (§2.3.3-2.5.3), this improvement is not 
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enough to ensure thermal sensing for a long time. This aspect is particularly important if 

we think to multi-photon microscopy applications, where femtosecond-pulsed laser are 

used as excitation sources. If we want to go one step forward in the realization of thermal 

sensors based on carbon-centred free-radicals, we have to synthesize new radicals based 

on the structure of TTM (PTM based radicals cannot form excimers due to the hindering 

effect of the meta chlorine atoms) with elevate photostability. A possible way for 

obtaining this target could be the synthesis of radicals with a higher degree of conjugation 

(the radical can be more delocalised, so can be thermodynamically stabilized), but this 

strategy needs a synthetic versatility that TTM does not possess. Working on this aspect, 

in the next Chapter, it will be presented the synthesis of a new family of carbon-centred 

free-radicals with improved chemical versatility and optical properties. 

Table 3.3: Maximum of sensitivity and temperature range of work of some organic dual-luminescence 

ratiometric nanothermometers. 

Sample Sm 

(%K-1) 

Temperature Range 

(°C) 

Ref. 

20%TTMd-ONPs 2.82 (37°C) 5 - 55  

rhoB/rho110d-ONPs 7.6 (average)a 20 - 90 [59] 

coum-rho110 0.5 (average)b 20 - 85 [62] 

C460/Tb3+ MOF 4.5 (23°C) -170 - 23 [63] 

ICG/rho110d-ONPs 1.7 (average)b 20 - 85 [64] 

Peryl-exc ion liquid 1.4 (78°C)33 25 - 140 [65] 

Cu-clusters 0.28 -30 - 170 [66] 

Peryl-exc polymer 4.5 (21°C) 10 -30 [67] 

PPE-CO2 2.06 (55°C) 20 - 70 [68] 

PPE-CO2/PVV 2.78 (20°C) 20 - 70 [68] 

a) The authors do not explain how the average sensitivity was calculated; b) Average sensitivity calculated 

using an integral form of Equation 3.2, in which the average relative sensitivity S is given by 𝑆 =

∆𝑄 𝑄𝑇∆𝑇 × 100⁄ 32, were ∆𝑄is the variation of signal in the range of temperature ∆𝑇 and 𝑄
𝑇

 is the signal 

at the low temperature. Using this formula 20% TTMd-ONPs exhibits a value of S = 5.6%K-1.  

 

 

3.7 Conclusions  

In this Chapter we have analysed in detail the properties of the TTM excimer. In TTMd-

ONPs, the use of a rigid and compact host matrix allows to tune the excimeric emission 

since it is correlated to the distance of the TTM-TTM ground state dimer, which is function 

of the concentration. This aspect offers the possibility to change the ONPs emission colour 

simply changing the amount of TTM doping. The percentage of doping determines also 
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the binding energy of TTM excimers and thus their dissociation energy. In particular, using 

a spectroscopic method, it was possible to determine for the sample 26% TTMd-ONPs the 

enthalpy of photoassociation (4.29 kcal/mol) and the repulsion energy (2.49 kcal/mol). 

The relative low value of repulsion energy confirm the hypothesis that the distance 

between the molecules constituting the TTM-TTM ground state dimers is essentially due 

to the concentration of the dopant. This aspect of TTMd-ONPs was used for the 

development of water-dispersible nanothermometers.  

Nanothermeters based on TTM doped ONPs exhibited a high sensitivity (Sm=2.82 %K-1 at 

Tm of 37°C), and a ratiometric thermal output which is unaffected by changes in 

concentration, ionic strength or pH. In particular TTM-αH host ensured high colloidal 

stability also in environments with elevated ionic strength and in conditions of a 

prolonged thermal stress. A preliminary test on Tsa 201 cells showed a good uptake of 

ONPs which did not show any signal of cytotoxicity.  All these properties, together with 

the simplicity of the preparation of this sensor (self-assembly of the radical with its 

precursor), open interesting perspectives for it in the field of intracellular thermal sensing.  

TTM radical doped PMMA films showed an interesting emission at ~735 nm, due to the 

less rigidity of the host matrix which allowed excimers to achieve a more relaxed 

conformation. The possibility to obtain NIR emission with a systems that does not show 

an elongated π-systems is an interesting property for the development of OLEDs, even 

though preliminary studies suggest that the excimeric emission is due to singlet radical-

pairs.  

The discovery of excimers in solid host doped with carbon free-radical, opens to a new 

synthetic challenge, the possibility to synthesize new radicals able to form excimers with 

improved optical properties, especially luminescence and photostability. 
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3.8 Experimental Section  

3.8.1 Excimer Excited State Lifetimes of TTM Doped ONPs and Films Estimated by Tri-

exponential Fit. 

In Table 3.4 are reported the data related to the tri-exponential fit of the fluorescence decays of 

the excimeric band in TTMd-ONPs, while in Table 3.5 are the data for TTMd-films. 

 

Table 3.4: TTMd-ONPs excimeric lifetimes estimated by tri-exponential fit (for each component it is 

indicated the percentage of contribution). 

Sample 
3-exp fit 

τ1 (s) τ2 (s) τ3 (s) <τ> (s) 

6.5% TTMd-ONPs 
6.6E-07 8.7E-08 1.6E-08 

5.23E-07 
76.61% 18.51% 4.88% 

13% TTMd-ONPs 
8.1E-07 3.9E-08 6.8E-09 

7.78E-07 
95.84% 3.17% 1% 

26% TTMd-ONPs 
8.7E-07 1.00E-07 3.5E-09 

8.33E-07 
95.29% 4.41% 0.3% 

50% TTMd-ONPs 
9.2E-07 6E-08 4.6E-09 

8.49E-07 
91.81% 6.43% 1.76% 

Fitting results were judged by the reduced 𝜒2 value (𝜒2 < 1.2). 

 

Table 3.5: TTMd-films excimeric lifetimes estimated by tri-exponential fit (for each component it is indicated 

the percentage of contribution). 

Sample 
3-exp fit 

τ1 (s) τ2 (s) τ3 (s) <τ> (s) 

10% TTMd-Film 
5.80E-07 7.9E-08 1.1E-08 

4.58E-07 
76.45% 17.12% 6.43% 

15% TTMd-Film 
8.2E-07 1.80E-07 1.1E-08 

7.60E-07 
90.72% 8.92% 0.32% 

20% TTMd-Film 
6.2E-07 2.00E-07 5.3E-09 

5.65E-07 
87.38% 11.4% 1.22% 

Fitting results were judged by the reduced 𝜒2 value (𝜒2 < 1.2). 

 

3.8.2 Steady State EPR Characterization of TTMd-ONPs  

EPR spectra were recorded on an X-Band Bruker ELEXYS 500 spectrometer equipped with 

a TE102 microwave cavity, a Bruker variable temperature unit, a field-frequency (F/F) lock 

system (Bruker ER 033 M) and a built-in NMR Gaussmeter (Bruker ER 035 M). Precaution 

to avoid undesirable spectra distortion and line broadening, such as those arising from 

microwave power saturation and magnetic field over modulation, were also taken into 

account. To avoid dipolar line broadening from dissolved oxygen, solutions were always 
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carefully degassed with Argon. The samples were continually irradiated by a Xe lamp 

coupled with an optic fiber. Due to the presence of water, in order to limit the heating of 

the suspension, a flat cuvette was used.  

 

3.8.3 Preparation of the Samples 

A solution of TTM-αH containing different amounts of TTM (15%, 20%, 25%, in mol.) in 

THF (HPLC grade) with a total concentration of 2 mM was prepared and filtered using PTFE 

filter of 220 nm and diameter of 1 cm . 500 μL of each solution were slowly dropped in 9.5 

mL of MilliQ water at room temperature under vigorous stirring (1000 rpm) for 30 

minutes. ONPs suspensions were stored at 4°C in the dark. 

Samples prepared with this procedure present a fraction of 5% in vol. of THF. In order to 

remove the traces of organic solvent, samples were dialyzed using a dialysis tubing 

cellulose membrane (Sigma-Aldrich). The 10 mL of ONPs suspension were dialyzed in 2L 

of MilliQ water. Water was changed approximately each 8 hours during 48 hours (three 

times per day). 

After the dialysis, 50, 100 and 150 mM KCl aqueous solution were prepared adding the 

opportune amount of salt. 

PBS solution at different pHs were prepared adding to the dialyzed ONPs  suspension, KCl 

in a concentration of 100 mM and Na2HPO4 and NaH2PO4 as reported in Table 3.6. pH 

values were measured with a pH meter HI 5521 (Hanna Instruments). The pHs were 

adjusted adding HCl or NaOH 2N aqueous solution until that the desired pH value was 

obtained. 

 

Table 3.6: Amounts of mono- and bi-basic sodium phosphate salts used for the preparation of  PBS solution 

at different pHs. KCl in a concentration of 100 mM was added in all samples in order to increase the ionic 

strength to a value of ~150 mM. 

pH Na2HPO4 (mM) NaH2PO4 (mM) 

5 0.11 8.22 

6,5 2.512 6.29 

8 7.76 0.57 

 

PBS solutions for the thermal stress analysis were prepared without the addition of KCl, 

but simply adding Na2HPO4 and NaH2PO4 as reported in Table 3.7, in order to understand 

the role played by the different ions on the colloidal stability. pH values were measured 

with a pH meter HI 5521 (Hanna Instruments). The pHs were adjusted adding HCl or NaOH 

2N aqueous solution until that the desired pH value was obtained. 
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Table 3.7: Amounts of mono- and bi-basic sodium phosphate salts used for the preparation of 25 mM 

solution (ionic strength 150 mM), used for the thermal stress estimation 

pH Na2HPO4 (mM) NaH2PO4 (mM) 

5 0.33 24,67 

6,5 7,535 17,465 

8 23,29 1,71 

 

 

3.8.4 Spectroscopic Characterization vs. the Temperature 

The luminescence intensity was recorded with a Cary Eclipse Fluorescence 

Spectrophotometer coupled with a temperature controller. The multi-holder of the 

fluorometer presents four cavities for cuvettes: two cuvettes were used as reference, 

filled with the same solvent of the analyzed sample, and inside them it was introduced a 

thermo-couple in order to have a more reliable measure of the effective temperature 

inside the cuvette. Inside all the cuvette (references and sample) it was put a little 

magnetic stirrer in order to stir the mixture and in this way have a more uniform 

temperature. The sample were tested in the range of temperature 5-55°C with a ramp of 

temperature of about 1 K min-1. The sample was excited at 377 nm and it was recorded 

the intensity at maximum of monomeric and excimeric band each 0.5 K (Figure 3.12). 

The fluorescent ratio IM max /IE max was fitted with a polynomial fitting using the software 

Origin 2015®,  the signal obtained by fitting (Q) was derived respect to the temperature 

(
𝜕𝑄

𝜕𝑇⁄  ) and the sensitivity of the signal was estimated following the Equation 3.2 as 

reported by Brites et al.33 

 

3.8.5 General Procedure Used for DLS Measurements 

Dynamic Light Scattering (DLS) measures were performed with a Malvern Nano ZS using 

a laser at 633 nm at room temperature. Each measure consists in 13 scans and the 

reported values are given as average value of three measures. Due to the elevate ionic-

strength it was no possible to estimate the Z-potential of suspension containing salts 

 

3.8.6 General Procedure for TEM Measurements 

Samples were observed using transmission electron microscopy (TEM) with the aid of 

negative staining. One drop of the sample was applied to glow-discharged carbon-coated 

copper grids (SPI) for 3 minutes. Subsequently, one drop of 2% uranyl acetate was placed 

on the grid for 1-2 min before being drained off. The grid was then placed in a transmission 

electron microscope (Jeol JEM 1400) operating at an accelerating voltage of 120 kV. 

Images were acquired using an Orius SC200 (Gatan). 
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3.8.7 Cell-uptake and Fluorescence Imaging 

Tsa 201 cells were growth on glass supports treated with poly lisine one day before of the 

measurements. Tsa 201 cells were incubated with a 1:10 dilution of 20% TTMd-ONPS in 

MilliQ water suspension (§ 3.9.3) for 4h at 37°C. Before to be analyzed samples were 

washed with buffer solution in order to remove the excess of ONPs. Acquisition of the 

images was done using an inverted fully-motorized digital microscope (iMIC 2000, Till 

Photonics) using an exposure time of 5s. Nanoparticles were excited at 380nm with a 

polychrome V light source (Till Photonics). A low-pass filter was used in order to remove 

the signal derived by the self-fluorescence of cells 
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Chapter IV 
First Polybromotriphenylmethyl Radicals: A New Versatile 
and Fluorescent Trityl Radicals. 
 

4.1 Introduction 

As we have seen in the first Chapter, from their discovery polychlorotriphenyl methyl 

radicals (PTMs) found remarkable applications in several fields1, especially in spintronics, 

molecular magnetism, molecular electronics and during the last years also in optics and 

optoelectronics. All these different applications required a synthetic versatility that not 

always is easy to attain.  In effect, if we analyse the literature about PTMs, it is possible to 

identify two principal different families of compounds: the derivatives of the tris(2,3,4,5,6-

pentachlorophenyl)methyl radical (PTM) and those of tris(2,4,6-tricholorophenyl)methyl 

radical (TTM). For both kinds of radicals (PTM and TTM) the possibility to design and 

synthesize new derivatives in which the radical moiety constitutes the core of the 

molecule, is limited by the poor reactivity of the three chlorine atoms in para and meta 

positions. In order to synthesize functionalised radicals, drastic synthetic conditions are 

adopted, usually characterized by the using of dangerous solvents and reactants, and, in 

the case of the synthesis of multi-functionalised derivatives, the reaction sequence 

presents low reaction yields.2 

 

Scheme 4.1: Synthesis of the PTM-αH phosphonate. 

 

The choice of PTM as radical core, offering an easier functionalization in the para position 

compared with TTM, presents a higher versatility from the synthetic point of view and a 
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multitude of PTM derivatives were synthesized for several applications.1 For the synthesis 

of these PTM derivatives there are essentially two synthetic routes:34 the first is based on 

the synthesis of PTM-αH phosphonate as a precursor for Wittig-Horner reactions5 

(Scheme 4.1). The second one  is based on the perchlorination of the para-Br triphenyl 

methane obtaining the para-Br PTM-αH (Scheme 4.2), a precursor for Pd-catalysed cross-

coupling reactions.6 This latter approach that is newer offers more versatility compared 

with the former one.    

 

Scheme 4.2: Synthesis of the para-Br PTM-αH using the BMC reaction. 

 

In both synthetic routes, the key step is the perchlorination of the triphenyl methane with 

the Ballester-Molinet-Castañer (BMC) reaction.7 This reaction is performed in sulfuryl 

chloride in presence of sulfur monochloride and aluminium chloride. These  reagents 

show high toxicity constituting a chemical hazard for the operator and for the 

environment,  and in addition the reaction is far from respecting the principles of the atom 

economy.8 The synthesis of the PTM-αH phosphonate passes through the bromination of 

the para-methyl substituted PTM-αH (Scheme 4.1) that is performed in carbon 

tetrachloride, a solvent that for its toxicity9 and its effects on the ozone hole10 is subjected 

to strong commercial restrictions, so it is not possible to think about an industrial scale-

up of this kind of reaction. 

Since the BMC reaction cannot be controlled and it is not limited to only ortho and para 

positions, it is not possible to use it for the synthesis of TTM derivatives. Nevertheless, 

despite a more complicated synthesis, the TTM derivatives have recently attracted the 

attention for their elevate luminescence11,12 and constitute the first example of carbon-

free radical used in optoelectronics.13  

A successful strategy for the developing of new, more versatile, luminescent and 

photostable radicals is based on the substitution of one phenyl ring with a halogen 

substituted pyridine one (Cl2PyBTM)14 (Figure 4.1). Juliá et al. were the first to synthesized 

this new kind of radicals, called perchlorinated triaryl methyl radicals (PTArMs), but 

limited their attention on the evaluation of the chemical stability and magnetic 

properties.15 More recently, Hattori et al. focused their works on PTArMs  luminescence 

properties, exploiting the heteroatom reactivity of the pyridine ring for the synthesis of 

new complexes,16–18 which present several interesting properties as a higher 

photostability, a higher luminescence  and a red-shifted emission compared with TTM.  
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One of the most interesting study made on these radicals was the determination on how 

their optical properties can be tuned by the partial substitution of chlorine atoms by 

different halogens in ortho positions19 (Figure 4.1). It was observed that while changing 

two chlorine atoms with fluorine ones (F2PyBTM)  causes a blue-shift of the emission, the 

introduction of bromine atoms (Br2PyBTM)  induces a red-shift of both the UV-absorption 

band (SOMO  LUMO+1) and the emission and an increase of the photostability by  a 

factor larger than two.  

This study proved that reducing the electron-withdrawing effect of the halogens and 

enhancing the steric hindrance of the α-carbon, is a good strategy for obtaining radicals 

with Red-NIR emission and an elevate photostability, as required for bio-imaging 

applications. 

 

Figure 4.1: Structure, absorption, emission and photostability of Cl2PyBTM compared with the partially 

fluorinated (F2PyBTM) and brominated (Br2PyBTM) derivatives.19 

 

Completely fluorinated triphenylmethyl radicals were already synthesized and deeply 

studies between 60s and 70s,20,21 but the scientific comunity focused its attenction on 

their magnetic properties. The passage from polychloro to polyfluorotriphenylmethyl 

radicls can constitute an interesting strategy for the develop of new more luminescent 

radicals,18 but it does not seem to offer any improvement in therms of photostability and 

synthetic versatility. 

In this context, we decided to test the possibility to synthesize a new typology of 

triphenylmethyl radical, in which all chlorine atoms are substituted by bromide ones, i.e. 

polybromotriphenyl methyl radicals. Since our previous studies on TTM and PTM showed 

more interesting optical properties for the less chlorinated radical, TTM structure was 

used as model for the first polybromotriphenyl methyl radical. In particular we proposed 

to synthesize the tris(2,4,6-tribromophenyl)methyl radical (TTBrM) (Figure 4.2).  
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Figure 4.2: Structure of the TTBrM radical in which all the chloride atoms are substituted by bromides in 

order to increase its chemical versatility compared with both PTMs and PTArMs cores. 

 

The use of this molecule as a new radical core in the synthesis of new multipolar trityl 

radicals presents two structural advantages:  

 Three strongly-reactive bromine atoms in the para position of the each phenyl 

ring. This is very interesting for the synthesis of novel multi-functionalised probes 

(i.e. dendrimers, polymers, multipolar dyes) since bromine is a better leaving 

group compared with chlorine. 

 Six bromine atoms kinetically deactivated in the ortho positions which, thanks to 

their steric hindrance and lower electron-withdrawing character, should confer a 

higher photostability to the radical together with a red-shifted UV-absorption and 

emission. 

 

In this Chapter, it will be presented the synthesis and the electro-optical characterization 

of the TTBrM radical both in solution and structured in ONPs. Moreover the problems 

associated to the synthesis by Friedel-Crafts reactions of molecules with high steric 

hindrance will be discussed. The new radical will be compared in all its aspects with the 

TTM radical, in order to identify all the possible strengths and drawbacks of this new and 

promising family of radicals.  

 

 

4.2 Synthesis of the Tris(2,4,6-bromophenyl)methane (TTBrM-αH) 

4.2.1 Through a Single-Step Friedel-Crafts Reaction 

As a first attempt for the synthesis of the tris(2,4,6-bromophenyl)methane (TTBrM-αH), 

the precursor of the radical, it was used the same procedure used for the synthesis of 

tris(2,4,6-trichlorophrenyl) methane (TTM-αH)22 (Scheme 4.3).  It consists in a Friedel-

Crafts reaction between the chloroform and an excess of 1,3,5-trichlorobenzene (TCB) 

using aluminium chloride as catalyst in a high-pressure reactor. Despite the accumulation 
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of chlorine atoms in both reactants, the reaction presents a good yield (R = 77% referred 

to chloroform) and permits to avoid the middle-to-low yield aromatic chlorination, based 

on the BMC reaction, of triphenylmethane derivatives. 

 

Scheme 4.3: Synthesis of TTM-αH by Friedel-Crafts reaction. 

 

Since we are interested in the synthesis of the brominated derivative, we assayed two 

procedures (Procedures A and B). First we substituted the TCB for the 1,3,5-

tribromobenzene (TBB), maintaining the same TBB:CHCl3 stoichiometry of 9:1 and the 

same time of reaction as in the case of TTM-αH, but increasing the temperature to 120°C, 

the melting point of the TBB (Scheme 4.4 - Procedure A). After the purification (§ 4.4.1.), 

the reaction products were characterized by 1H-NMR (400 MHz, CDCl3) (Figure 4.3). It is 

possible to observe two signals in the region of the proton of the α-carbon, one at δ=

6.44 (s, 1H) and the second at δ=6.46 (s, 1H), suggesting the formation of two different 

triphenylmethane species. Based on the ratio between the integration of the two signals, 

it was possible to determine a ratio of 1.0:0.3 between the two species. Different 

crystallization conditions were tried in order to separate the two molecules, but it was not 

possible to isolate the pure product.  

The mass analysis by MALDI-TOF (Figure 4.4) of the mixture shows the molecular peaks 

and relative isotopic distribution of the two species, allowing us to identify the two 

molecules as follows: one is the expected product TTBrM-αH (M.W.= 954.39 g mol-1), 

while the other one (1) is a by-product due to the substitution of one bromine atom with 

a chlorine one (M.W.= 909.94 g mol-1).  

From the 1H-NMR analysis it is possible to deduce that the substitution of a chlorine atom 

occurs in the para position. Thus the two doublets at δ=7.50 (d, J = 2.2 Hz, 1H) and δ=

7.61 (d, J = 2.2 Hz, 1H) were assigned to compound 1 and are due to the two protons of 

the phenyl ring in which the substitution occurred. The two doublets with the same J 

values imply a substitution in para. The two doublets at δ=7.64 (d,  J = 2.1) and δ=7.75 

(d,  J = 2.1), were attributed to the overlap of the signals related to the six protons of the 

TTBrM-αH and the remaining four protons of the compound 1. 
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Scheme 4.4: Synthetic routes for TTBrM-αH. In the case of the Procedure A. The reaction yield of the two 

products is calculated based on the ratio between the integration of the 1H- NMR signals assigned to the α-

C protons. 

 

Figure 4.3: 1H-NMR of the product of the synthesis of TTM-αH with the Procedure A. 
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The formation of this by-product was not totally unexpected in this Friedel-Crafts 

reaction. In fact, the possibility of a rearrangement during such a kind of reaction is a well-

known phenomenon in literature, in particular in the case of drastic reaction conditions.23–

25 Unfortunately, in our case it is not possible to use a lower temperature due to the 

elevated melting point of the TBB used as a reagent and a solvent.  

In order to prevent the formation of 1, a new synthetic approach was used (Scheme 4.4 - 

Procedure B) based on the substitution of chloroform and aluminium chloride with 

bromoform and aluminium bromide respectively, maintaining unchanged stoichiometry, 

temperature and duration of the reaction (§ 4.4.2). 

Figure 4.4: MALDI-TOF spectrum of the product of the Procedure A for the synthesis of TTBrM-αH. It is 

possible to distinguish the molecular peaks, with the expected relative Cl/Br isotopic distribution, of the 

TTBrM-αH and of the impurity. Joining the results of mass and 1H-NMR analysis it was possible to identify 

the structure of the impurity (compound 1). 

 

Analysing the 1H-NMR (Figure 4.5) of the resulting product it is possible to see only one 

signal related to the proton of the α-carbon at  δ=6.44 (s, 1H) and two doublets in the 

aromatic zone at δ=7.64 (d, J = 2.1, 3H) and δ=7.75 (d, J = 2.1, 3H)., as expected for a 

pure TTBrM-αH sample. 
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Figure 4.5: 1H-NMR spectrum of the TTBrM-αH synthesized using the Procedure B. 

 

From one side the new synthetic route prevented the formation of the by-product 1, but 

on the other side a drastic reduction of the reaction yield was observed using the 

Procedure B (R = 10%). At this point we wonderer, who is responsible of this low yield, the 

bromoform or the aluminium bromide, or both?  

 

4.2.2 The Role of Steric Hindrance in the Formation of TTBrM-αH 

Before illustrating the procedure used in order to determine why the substitution of 

chloroform and AlCl3 with bromoform and AlBr3 determined a reduction of the reaction 

yield, let us analyse the different steps occurring during the Friedel-Crafts reaction for the 

synthesis of TTBrM-αH. A presumable mechanism, based on classical considerations for 

Friedel-Crafts reactions, consisting in three steps is described in Scheme 4.5  

The first step is divided in two parts: a first one consisting in the reaction between the 

halomethane and the Lewis acid with the formation of the methyl carbocation, and a 

second one consisting in the electrophilic substitution between the methyl carbocation 

and the TBB to give the mono(2,4,6-tribromophenyl)dihalomethane (MTBrM-αH), the 

release of the hydrohalide acid and the regeneration of the catalyst. Since the methyl 

carbocation is not a very stable carbocation23, its formation requires a higher activation 

energy determining the slower step of all the reaction. Although the bromoform should 
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lead to a lower reactivity compared with chloroform,23 using the catalysts it is possible to 

see the formation of the carbocation (change of colour from pale yellow to purple) 

without the need to heat at high temperature the reaction mixture; exactly as occurs in 

the case of chloroform.  

In the second step of the reaction, the MTBrM-αH reacts with the catalyst generating the 

primary benzyl carbocation which reacts with TBB to give the bis(2,4,6-

tribromophenyl)halomethane (BTBrM-αH). Finally, we assist to the formation of the 

secondary benzyl carbocation that, reacting with TBB, gives the desired TTBrM-αH. 

 

Scheme 4.5: Representation of the Friedel-Crafts mechanism of reaction for the formation of the TTBrM-

αH derivative 
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The products of each step present an acid proton bonded to the α-carbon, so if treated 

with a base, they can form the corresponding anionic species. The formation of the 

carbanion is characterized by a strong change in colour. Indeed, the carbanion of MTBrM-

αH is yellow, the carbanion of BTBrM-αH is blue and that of the carbanion of TTBrM-αH 

red (Figure 4.6). This difference in colour allows following very well the evolution of the 

reaction by the use of thin-layer chromatography (TLC). After the analysis of the crude of 

reaction by TLC, treating the TLC paper with a base and heating, it is possible to generate 

the carbanion understanding in which step the reaction is.   

 

Figure 4.6: Chemical structures and respective colours of the primary (yellow) secondary (blue) and 

tertiary (red) benzyl carbocations 

 

Since the reactions previously described for the synthesis of TTBrM-αH are done in a high-

pressure reactor in order to avoid the evaporation of the halomethane which is used as 

reactant not as solvent, it is not possible monitoring the reaction without stopping it. For 

this reason, new Friedel-Crafts reactions under mild-conditions were performed in order 

to be able to monitor by TLC the reaction evolution: TBB was dissolved in chloroform or 

in bromoform (used in this case as solvent) and small amount of aluminium chloride or 

aluminium bromide were added (§ 4.4.3 - 4.4.4). Under these conditions is interesting to 

analyse how the steric hindrance generated by the two bromine atoms on the α-carbon 

of the α,α,2,4,6-pentabromotoluene (PBT) can increase the activation energy for the 

formation of the benzyl carbocation determining the stop of the Friedel-Crafts reaction at 

the first step (Scheme 4.5). 

Peeling et al. 26 demonstrated that for the PBT, as in the case of less hindered 

derivatives2728, the most stable spatial configuration is with the hydrogen of the α-carbon 

coplanar with the phenyl ring and the two halogen atoms out of the plane. They found 

that the energetic barrier for the rotation is 19.68 kcal/mol (T=373.2K) for PBT, 16.35 

kcal/mol (T=347.2K) in the case of MTBrM-αH and of only 13.26 kcal (T=300.4K) for the 

α,α,2,4,6-pentachloro toluene (reaction intermediate in the synthesis of TTM-αH). In fact, 

it is easy to understand how the formation of the benzyl carbocation, that is a planar 

complex, is strongly deactivated by the steric hindrance generated between the bromine 

atoms in α- and ortho-positions. Since the steric hindrance makes the methyl carbocation 

more stable than the benzyl one (less activation energy for the formation of methyl 

carbocation compared with the benzyl one), it is easier to obtain the methylation of the 
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TBB in the three available positions. In particular, under mild-conditions the Friedel-Crafts 

reaction using bromoform, the used temperature was not enough to allow the rotation of 

the α-C, thus to observe the formation of the benzyl carbocation. 

 

Scheme 4.6: Effects of the trihalomethane in Friedel-Crafts reaction under mild-conditions on the formation 

of benzyl carbocation. The evolution of the reaction is independent by the catalyst used. 

 

From the analysis of the results obtained performing the Friedel-Crafts reactions under 

milder conditions (Scheme 4.6), it is reasonable to hypothesise that bromform is the 

responsible of the lower reaction yield observed in the Procedure B, while the effect of 

the different catalyst is negligible.  

As a consequence of these findings, a new synthesis was tested (Scheme 4.7 -Procedure 

C) in order to confirm our conclusions: a less excess of TBB was used with chloroform but 

using AlBr3 as catalyst (§4.4.5). 

 

 

Scheme 4.7: Procedure C for the synthesis of TTBrM-αH. The reaction yield of the two products is calculated 

based on the ratio between the integration of the 1H- NMR signals assigned to the α-C protons. 
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Figure 4.7: H NMR of the product of the synthesis of TTM-αH with the Procedure C. 

 

The reaction performed in these new conditions showed higher yield (R=32%) compared 

with the Procedure B (R=10%) and comparable with Procedure A (R=34%), confirming the 

active role played by the steric hindrance acted by bromine atoms and demonstrating that 

the catalyst did not affect the evolution of the reaction. From the analysis of the 1H-NMR 

(400 MHz, CDCl3) (Figure 4.7) it is possible to observe, as in the case of the Procedure A, 

the formation of compound 1, but in much less proportion. This result induced us to test 

the possibility to use a different catalyst from an aluminium salt in order to try to prevent 

the formation of 1. Iron(III) bromide (FeBr3) was used as catalyst in the same conditions 

used in Procedure C (§ 4.4.6). After 2h30’ the TLC analysis of the reaction mixture 

highlights the presence of the only reactant (TBB), indicating that FeBr3 is not enough 

strong to react with CHCl3 and form the methyl carbocation. 

Although the substitution of AlCl3 with AlBr3 reduced the proportion between the two 

compounds to 1:0.1 (It was 1:0.3 with the Procedure A), since is not possible to use a 

different catalyst from an aluminium salt, the use of the bromoform is essential in order 

to avoid the formation of the impurity 1, which is very difficult to remove.  
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4.2.3 Through a Two-Step Friedel-Crafts Reaction 

In the previous Section, we have seen that the bromoform is the major responsible of the 

decrease in the reaction yield of the Friedel-Crafts synthesis of the TTBrM-αH, but on the 

other hand, bromoform is essential in order to avoid the formation of impurities hard to 

be removed. As possible solution to this problem it was tested the possibility of splitting 

the synthesis in two different Friedel-Crafts reactions (Scheme 4.8, Procedure D). The first 

step is the synthesis of α,α,2,4,6-pentabromotoluene (PBT) with a mild condition Friedel-

Crafts reaction using bromoform and AlCl3 (less expensive and more stable compared with 

AlBr3) (§ 4.4.7). The second step is a Friedel-Crafts synthesis at high temperature between 

the PBT and an excess of TBB using AlBr3 as catalyst (§ 4.4.8).  

 

Scheme 4.8: Procedure D for the synthesis of TTM-αH.  

 

This synthetic approach offers the opportunity to eliminate, in the second reaction (in 

which drastic conditions are used), the formation of the more stable methyl carbocation, 

and in this way to force the formation of the benzyl carbocation obtaining more pure 

product with a larger yield.  

From the comparison between the reaction yield of the Procedure B and Procedure D, it 

seems that the two-step Friedel-Crafts reaction does not offer any improvement in terms 

of absolute reaction yield, although in the second step is achieved an higher reaction yield. 

If we analyse in the detail the reaction, we can see that compared to all the other 

procedure for the synthesis of PTM functionalised derivatives (§4.1), the Procedure D 

constitutes the best synthesis in terms of atom economy. Moreover, it has to be 

considered that the Procedure D can be further optimized.  
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The optimization of the two-step reaction for the synthesis of polybromotriphenyl 

methane (time of reaction, amount of catalyst, kind of reactor) can offer also the 

possibility to synthesize bis(polychlorophenyl)-2,4,6-tribromophenylmethane derivatives 

(Figure 4.8) which constitute an interesting alternative to PTM and TTM as core for mono-

functionalised derivatives. 

 

Figure 4.8: Possible radical core obtainable with a two-step Friedel-Crafts reaction. These new class of 

radicals can constitute an interesting alternative to PTM and TTM for the synthesis of monofunctionalized 

derivatives.  

In conclusion splitting the synthesis of the TTBrM-αH in two different Friedel-Crafts 

reactions allowed obtaining pure product with a reaction yield comparable with the 

single-step reaction. This approach is completely new and its yield can be improved 

optimizing the various parameter of the reaction. Moreover, the synthesis of the PBT in 

good yield opens the way to synthesize new polychorotriphenylmethyl radicals which can 

represent a very interesting alternative to PTM and TTM as radical core for mono and bi-

functionalized derivatives. 

 

 

4.3 The First Member of a New Family of Radicals 

In the first part of this Chapter, we have shown the synthesis and the purification of a new 

class of closed-shell molecules, the polybromotriphenylmethane. The best benefit of 

these molecules is the increase of the synthetic versatility due to the possibility to exploit 

the high reactivity of the three para bromine atoms, but the synthesis of this material 

required particular efforts due to the high steric-hindrance of the six bromine atoms in 

ortho positions. In this Section, it will be shown the synthesis and characterization of the 

first example of polybromotriphenyl methyl radical focusing on the comparison with the 

TTM radical, the most similar open-shell derivative. 
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Scheme 4.9: Synthesis of the TTBrM radical from the TTBrM-αH. 

 

For the synthesis of the radical it was used the typical procedure adopted for the 

preparation of PTM and TTM radicals (Scheme 4.9)29 (§ 4.4.9). The first difference with 

the TTM is the acidity of the proton bonded to the α-carbon. Despite the use of a higher 

excess of base and a longer reaction time compared with the standard procedure used for 

TTM radical synthesis, after the purification it was found some unreacted TTBrM-αH 

remained, which means that the passage to the anionic species was not completed. 

 

 

 

 

4.3.1 Crystalline Structures of TTBrM Radical and of TTBrM-αH  

TTBrM was crystallized by a slow diffusion in a mixture of dichloromethane/hexane (1:1) 

at room temperature and the single crystals obtained were analysed by X-Ray Diffraction 

(§ 4.4.10). The crystal shows the same symmetry and packing of TTM, suggesting how the 

crystallization process is ruled, as in the case of PTMs, by the halogen-halogen 

interaction30–32 (Figure 4.9). 

 All the packing distances (phenyl-phenyl, halogen-halogen and ipsoC-ipsoC) are only 

affected by variation in the order of few tenths of Å (Figure 4.9).  Since the two molecules 

present an elevated affinity, it will be interesting to study if also the TTBrM is able to form 

excimers once confined in a rigid matrix, in fact, up to now, the TTM is the only radical 

belonging to PTM series which exhibited excimeric emission.  
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Figure 4.9: Packing of TTM (green Cl atoms) and TTBrM (orange Br atoms) radicals: a) phenyl-phenyl 

distance of 4.313 Å for TTM and 4.352 Å for TTBrM; b) halogen-halogen shorter distance of 3.531 Å for TTM 

and 3.638 Å for TTBrM; c) ispC-ipsoC shorter distance of 8.153 Å for TTM and 8.505 Å for TTBrM . 

 

The structure of TTBrM radical was compared with TTBrM-αH (Figure 4.10) and a detailed 

analysis is reported in Table 4.1  

 

Figure 4.10: Structure of TTBrM-αH and TTBrM obtained by single crystal X-Ray Diffraction. 

a) b) 

c) 

TTBrM-αH TTBrM 
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Table 4.1: Crystallographic data of TTBrM-αH and TTBrM. 

 TTBrM-αH TTBrM 

Formula C19 H7 Br9 C19 H6 Br9 

Formula Weight [g mol-1] 954.44 953.43 

Crystal System Tetragonal Monoclinic 

Space Group P-421c (No.114) C2/c (No. 15) 

a, b, c [Å] 
23.431(3)    23.431(3)   

8.4614(11) 
12.304(6)    11.744(6)    

17.328(8) 

α, β, γ  [deg] 90    90   90 
90   105.753(8)           

90 

Cell Volume [Å3] 4645.4(13) 2410(2) 

Z 8 4 

Density (calc) [g/cm3] 2.729 2.628 

R 0.04 0.04 

 

The sp2 nature of the α-carbon in the TTMBrM radical is confirmed by the bond angles of 

120° with respect the phenyl rings. The sp2 hybridization determines a reduction of the 

bond length, in fact in the radical the distance between the α- and the ipso- carbons is of 

1.482 Å while in the TTBrM-αH is of 1.536 Å. The analogous distance in the TTM radical is 

of 1.461 Å, suggesting the possibility of a higher conjugation in the chlorinated derivative. 

This difference in length could be also due to the higher repulsion generated among the 

bromine atoms in ortho positions. The steric hindrance among the ortho halogens 

generates a tilt of the phenyl rings (which is ~ 48° for both TTBrM and TTM). The effect of 

this tilt is to promote three halogens outside the plane of the molecule and three inside 

the plane of the molecule. The average distance between the three coplanar halogens in 

the case of TTBrM is of 4.06 Å while is of 3.92 Å for TTM. This higher repulsion among the 

bromines atoms generates a stretching of the bond between the α- and the ipso- carbons. 

This explanation of the lower bond length in the case of TTM radical instead of the level 

of conjugation is supported, as we will see in the § 4.3.4, by the fact that TTM exhibits a 

more blue-shifted emission compared to the brominated radical, that is generally a signal 

of a lower conjugation. 

 

 

4.3.2 Electrochemical Characterization of TTBrM Radical 

The cyclic voltammetry (CV) of the new radical is compared with that of the TTM in order 

to evaluate the effect of the bromine atoms on the acceptor character of this organic 
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radical. In Figure 4.11 are reported the CV spectra for TTM and TTBrM in a 0.1 M solution 

of tetrabutylammonium hexafluorophosphate in dichloromethane referred to the 

standard electrode Ag/AgCl at a scan rate of 10 mV s-1. TTBrM shows a reduction potential 

(E1/2 red) of 0.42 V vs. Ag/AgCl while TTM shows a value of  E1/2 red = 0.505 V vs. Ag/AgCl. 

Thus the new radical exhibits a higher acceptor character compared with TTM. For both 

molecules the ratio of anionic and cationic peak current is 1:1, but the peak split in the 

case of TTBrM (ΔEp) is of 120 mV while for the chlorinated derivative we have a ΔEp = 70 

mV. This difference suggests a diffusion-controlled process in the case of TTM, while an 

electron-transfer controlled process for TTBrM33.  Again, a possible explanation for this 

different behaviour can derive from the steric hindrance. 

 

  

Figure 4.11: CV of TTM (left) and TTBrM (right) in a 0.1M solution of tetrabutylammonium 

hexafluorophosphate in dichloromethane referred to the standard electrode Ag/AgCl and a scan rate 10 mV 

s-1. 

 

For the PTM radical it was observed that in the anionic form, the binding lengths of the 

carbons bonded to the α-carbon is higher, giving a more relaxed character to the structure 

compared with the radical one. It is reasonable to assume that the same situation can 

occur also for the TTBrM radical. In this case, the higher hindrance of the six bromines 

atoms in ortho positions can determine an increase of the oxidation potential of the anion, 

because the molecule needs more energy to re-assume the radical configuration. Both 

molecules present the same tendency to the oxidation since E1/2 ox are +1.27 V and +1.26  

vs. Ag/AgCl for TTM and TTBrM respectively. Also in this case TTBrM shows a ΔEp = 140 

mV while TTM of 60 mV.  

 

4.3.3 EPR Characterization of TTBrM Radical 

The EPR spectra of the new radical were obtained in dichloromethane:Toluene (1:1) 

solution at different temperatures (§4.4.11). Results are reported in Figure 4.12 together 

with the TTM spectra in the same conditions. TTBrM presents at 300K a g-factor of 2.0064 

while the one for the TTM at the same temperature is 2.0036. This difference is due to 
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the Br atoms34 and their larger spin-orbit coupling in comparision of that of Cl atoms. Due 

to the higher spin-orbit coupling, decreasing the temperature, for the TTBrM it is not 

possible to see the hyperfine coupling with the hydrogen atoms on phenyl rings, 

interaction that is clearly observed in the case of TTM, where it is possible to identify 

seven lines in the spectrum. Interestingly, while in solution TTBrM shows a spectrum just 

a little broader if compared with TTM, the behaviour changes completely in the frozen 

solution, where the brominated radical shows a signal with a width of 92 Gauss, compared 

with the 25 Gauss of TTM. The extremely large linewidth can be explained by a unresolved 

hyperfine coupling with the Br nuclei. 

  

Figure 4.12.: a) EPR spectra of TTBrM in DCM:Toluene=1:1 at different temperatures; b) EPR spectra of TTM 

in DCM:Toluene=1:1 at different temperatures 

 

 

4.3.4 Optical Characterization of TTBrM Radical 

4.3.4.1 Absorption and Emission Properties in Solution 

The absorption spectrum of the new radical was recorded in different solvents of distinct 

polarity (cyclohexane, toluene, chloroform and THF) and its molar extinction coefficient 

(ε) was determined (Figure 4.13a, Table 4.2). The maximum of absorption in cyclohexane 

is at 389 nm, 392 nm in the case of toluene in which the negligible bathochromic effect is 

more evident. At this wavelength, the TTBrM presents an ε of about 28000 cm-1M-1. The 

substitution with bromine atoms determines, as already observed for PTArMs and as 

described in § 4.1, a red-shift of the SOMOLUMO+1 transition with respect to the 

analogous chlorinated TTM radical, where the maximum of absorption appears at 373 nm 

(shift of 1136 cm-1 in THF). Also the low intense band associated to the SOMOSUMO 

transition is red-shifted in comparison with TTM. For TTBrM this band is peaked at 560 

nm exhibiting an ε higher than 1000 cm-1M-1, while in the case of TTM the maximum of 

the band is at 540 nm (shift of 684 cm-1 in THF) with an ε of about 700 cm-1M-1 (Figure 

4.13b).  
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Figure 4.13: a) Molar extinction coefficient of TTBrM radical in different solvents; b) Molar extinction 

coefficient in THF for TTM and TTBrM radicals. 

 

Related to the emission properties, the TTBrM radical shows a weakly structured emission 

spectrum with a maximum at 590 nm and a vibronic peak at 650 nm. The considerable 

mirror symmetry between absorption ε(ν)/ν, and emission, I(ν)/ν3, oscillator strength 

distributions shown in Figure 4.14a,indicates negligible structural changes between the 

ground and the first excited electronic state. The bathochromic shift, with a maximum of 

emission at 590 nm in cyclohexane and at 597 nm in toluene, is negligible as shown in 

Figure 4.14b. If compared with TTM radical, emission of TTBrM is red-shifted by 30 nm 

(909 cm-1) (Figure 4.17a).  

   

Figure 4.14: a) Oscillator strength distributions of TTBrM radical and its mirrored fluorescence distribution 

(around ν0 = 17360 cm-1) in cyclohexane; b) Normalized emission spectra of TTBrM radical in different 

solvents. 

 

In order to unravel if these effects have a structural origin we analysed the crystalline 

structure of both radicals. Thus, the dihedral angles (ϕ1, ϕ2, ϕ3) between C4C10C6 plane 

and the three planes of phenyl rings (Figure 4.15) show that for TTM and TTBrM these 

angles are very similar 49.66°, 46.41°, 47.02° and 50.24°, 45.55°, 46.42° respectively. So 

the twist of each phenyl ring is not substantially affected by the dimension of the halogen 
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in ortho positions. For this reason, the shift of the emission has been ascribed to the lower 

inductive effect exerted by bromine atoms than to a different overlap among the -orbital 

in the molecule.35,36 

 

Figure 4.15: Dihedral angles of the phenyl rings with the central sp2 carbon atom plane in the crystalline structure of 

TTBrM and TTM radicals. 

 

The new TTBrM radical showed at room temperature in all the used solvents  low 𝜙𝐹 

values that are always lower than 1% (Table 4.2) while for TTM radical is almost the 2%.14 

The excitation spectrum is perfectly congruent with the absorption one (Figure 4.16a)  in 

all the solvents with the exception of toluene, where it appears broader and in which it is 

possible to observe an enhancement of the SOMOSUMO transition compared with 

SOMOLUMO+1, suggesting a non-constant value of 𝜙𝐹  with the wavelength (Figure 

4.16b). 

  

Figure 4.16: a) Normalized excitation and absorption spectrum of TTBrM in THF; b) Normalized excitation 

spectra of TTBrM radical in different solvents. 
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From the data analysis of absorption, emission and excitation spectra, it is clear that the 

new radical, as already reported for PTMs, is not affected by changes in the polarity of the 

solvents. Indeed, TTBrM shows a higher interaction with an aromatic solvent, like toluene, 

where both absorption and emission are red-shifted if compared with those in more polar 

solvents such as chloroform and THF, and where exhibits the lowest fluorescence 

quantum yield (Table 4.2). 

The photostability of TTBrM radical in deoxygenated THF was analysed and compared 

with that of TTM (§ 4.4.13). A wavelength of 380 nm (26316 cm-1) was selected for the 

excitation because at this wavelength the two molecules show the same absorption cross-

section37 (Figure 4.13b). Fitting the fluorescence decays with a mono exponential 

function, it was possible to determine the half-life (t1/2) of the two species. Thus, in these 

conditions TTM has a t1/2 of 2.8 x 104s while the TTBrM of 4.58 x 104s. So, the new radical 

is 1.63 times more photostable than the polychlorinated one (Figure 4.17b).  

  

Figure 4.17: a) Normalized emission spectra of TTM and TTBrM radicals in THF; b) Normalized fluorescence 

decays for TTM (Orange) and TTBrM (Red) in deoxygenated and stirred THF solution under continuous 

irradiation at 380 nm. 

 

Table 4.2: Summary of the optical properties of TTBrM in different solvents. 

Solvent 
ε 

(cm-1M-1) 
λmax 

(nm) 
Stokes’ Shift 

(cm-1) 
EGAP

[a] 

(eV) 
φF

[b] 

Cyclohexane 
28600 (389nm) 
1000 (559nm) 

591 8786 2.152 0.009 

Toluene 
25800 (392nm) 
1050 (563nm) 

596 8732 2.141 0.004 

Chloroform 
27500 (390nm) 
1050 (559nm) 

594 8806 2.147 0.008 

THF 
28900 (389nm) 
1100 (561nm) 

595 8900 2.146 0.007 

[a] the Energy gap was calculated as the value of energy in which the absorption and emission spectra intersect. [b] 

cresyl violet perchlorate in MeOH (φL = 0.54)38 used as reference. 
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In conclusion, the spectroscopic characterization confirmed that decreasing the electro-

withdrawing character of the substituents due to the total substitution of the chlorine 

atoms with bromines in the TTM structure yields a red-shift of both UV-absorption 

(SOMOLUMO+1) and emission (SOMOSUMO) bands. Surprisingly, the dihedral 

angles between the plains of phenyl rings and central sp2 carbon in TTM and TTBrM are 

almost the same. Since the spin-localization is strongly affected by the tilt of the three 

phenyl rings,35,36 the differences in optical properties of TTM and TTBrM seems not to be 

due to a different delocalization of the spin. The new radical presents a lower 

luminescence quantum yield with respect to the TTM. Indeed the TTBrM radical exhibits 

in all the investigated solvents 𝜙𝐹 values lower than 1% while the other radical of 2%. 

Nevertheless, it is interesting to notice that the heavy-atom effect that usually affects 

singlet emitters determining ISC, with a consequent quenching of fluorescence, does not 

occur in doublet emitters, confirming that the first quadruplet excited state (Q1), due to 

an hypothetic ISC process, is higher in energy compared with the doublet excited state 

(D1) (Figure 4.18).18 

 

Figure 4.18: Representation of the ground and excited states in PTM radicals. The higher energy of the Q1 

state prevent the ISC process also in TTBrM which presents nine heavy bromine atoms. 

 

The most interesting property observed for the TTBrM is the enhancement of the 

photostability as compared with TTM. Photostability is the most critical limitation for the 

use of luminescent radicals in fluorescence applications. This enhancement is relevant if 

we consider that it was obtained without increasing the conjugation of the molecule, 

opening the way to the synthesis of higher photostable derivatives.  

Since TTM and TTBrM radicals presented a very similar molecular structure, it was 

interesting to evaluate the effect of the dispersion in a rigid organic matrix also for the 

new radical. In particular it will be very interesting to see excimeric emission for it. 
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4.3.4.2 Colloidal and Spectroscopic Characterization of TTBrM doped ONPs 

In Chapter 2 we have reported the optical properties of TTM and PTM radicals as dopants 

of ONPs. The matrix used for such ONPs was a small-molecule with similar structure and 

physical-chemical properties, like the TTM-αH. Indeed, TTM-αH is an optical neutral 

molecule with a molecular structure very similar to the radical ones and, among all the 

possible polychlorotriphenyl methane derivatives, it is the one which presents the most 

efficient synthesis and simplest purification (it is possible to purify the reaction mixture 

just digesting the crude product in hot pentane) (§2.2). Both radicals exhibited higher 

𝜙𝐿 and longer lifetime when dispersed in the ONPs. Moreover, radical doped ONPs 

presented spherical geometries, nanometric sizes and high colloidal stabilities at high 

temperature and in different conditions of pH and ionic strength (§ 3.7.3-3.7.4). 

Interestingly, TTMd-ONPs showed a characteristic emission attributed to the formation of 

excimers, which were not possible to recognize in PTMd-ONPs. In fact, TTM excimers were 

the first example of excited dimers formed by a stable and permanent radical pair. Since 

PTM radical was not able to give excimers, we assumed that the presence of the chlorine 

atoms at the meta positions was responsible of this different behaviour. Indeed, analysing 

the crystallographic structure of TTM and PTM radicals it was possible to see in the case 

of the perchlorinated derivative, a lower overlap between the two closest phenyl rings 

belonging to two different molecules (§3.3). In order to corroborate this assumption, it 

will be very interesting to study the behaviour of TTBrM doped ONPs using again TTM-αH 

as a rigid matrix. 

Figure 4.19: TTBrMd-ONPs size distribution and Z-potential measured by DLS. 

 

TTBrM-doped ONPs (TTBrMd-ONPs) were prepared by the reprecipitation method using 

the same procedure used for TTM and PTM doped ONPs (§ 4.4.14). In this case molar 

ratios of 0.5, 3, 6, 12, 25, 50 % of TTBrM were used. For the reprecipitation procedure a 
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higher amount of the organic stock solution was droped onto the stirred MilliQ water in 

order to have a higher concentration of particles. In this way a more intense absorption 

signal can be obtained since the new radical shows a lower ε compared with TTM and 

PTM. The size distribution of the different samples and the corresponding Z-potential 

values, measured by DLS, are reported in Figure 4.19. ONPs present very similar values 

compared with the previous studied nanosystems. 

  

Figure 4.20: a) Scattering-corrected absorption spectra of TTBrMd-ONPs; b) Normalized scattering-

corrected spectra for TTBrMd-ONPs, compared with the normalized absorption spectrum of TTBrM in THF. 

 

For the optical characterization of TTBrMd-ONPs we also observed a considerable 

scattering at lower wavelengths due to the similarity of the particle dimensions and 

wavelengths. In order to determine more precisely the value of absorbance, the scattering 

was removed using a suspension of pure TTM-αH ONPs with similar sizes and size 

distribution as a reference (§ 4.4.15). The scattering- corrected absorption spectra are 

reported in Figure 4.20a. 

As observed for TTMd and PTMd ONPs, also in this case the absorption spectrum is red-

shifted becoming a little broader if compared with the spectrum in solution (Figure 4.20b). 

The maximum of absorption is at 396 nm (389 nm in THF) and any variation in the 

absorption band-shape was observed by increasing the dopant concentration. 

In emission TTBrMd-ONPs show a very similar behaviour as compared with TTMd-ONPs 

(Figure 4.21). For a low-doped sample we observe a big enhancement of the 𝜙𝐿(Table 4.3) 

with a monomer-like emission. As in the case of TTM, increasing the radical doping, it is 

possible to distinguish a dual band emission due to the presence of an excimeric band. 

The latter band shifts from 703 nm, in the case of 6% TTBrMd-ONs, to 734 nm for the 50% 

TTBrMd-ONPs, where the emission is almost quenched. The concentration quenching in 

these samples is faster if compared with the TTM and PTM doped systems, suggesting a 

higher tendency of molecules to aggregate. Interestingly, as well as TTBrM shows a 

fluorescence quantum yield that is almost the half of TTM one when it is in solution, the 

same trend can be recognized for doped ONPs. Indeed, the maximum 𝜙𝐿  for TTBrMd-

ONPs is 19%, almost half of the analogous TTM doped sample (𝜙𝐿 =46%). Another analogy 

between the two systems is the difference in energy (ΔEM-E) between the bands associated 
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to monomer and excimer (Table 4.3). So, for the 13% TTMd-ONPs the difference in energy 

is of 2370 cm-1 while for 12% TTBrMd-ONPs is of 2634 cm-1. For this reason it is reasonable 

to assume that both TTM and TTBrM excimers should present the same geometry. 

  

Figure 4.21: a) Emission spectra of TTBrMd-ONPs; b) Normalized emission spectra for TTBrMd-ONPs. 

 

 

Table 4.3: Summary of the emission properties of TTBrMd-ONPs. 

% of TTBrM 
(% in mol.) 

λmax 

(nm) 
ΔEM-E 
(cm-1) 

φL
[a] 

0.5 592 - 0.19 

3 595 - 0.08 

6 595 / 703 2582 0.04 

12 596 / 707 2662 0.02 

25 598 / 713 2697 0.01 

50 599 / 734 3071 < 0.01 

in THF 595 - 0.01 

[a] cresyl violet perchlorate in MeOH (φL = 0.54)38 was used as reference. The luminescence quantum yield is based on 

the integration of both monomeric and excimeric band. 

 

The excimers of TTBrM radical in a rigid environment constitute the second evidence of 

the possibility to obtain emission from a supramolecular stable and permanent radical-

pair. TTM and TTBrM show a very similar crystallographic structure with a distance 

between the two closest carbon atoms belonging to two neighbouring molecules of 3.854 

Å and 4.092 Å respectively (Figure 4.22). In PTM structure, as we have seen, the hindering 

effect between the meta chlorine atoms of two neighbouring molecules determines a 

distance of 4.237 Å (§3.3), which seems to be too high for the formation of an excimer. 

Although it is clear the role played by the halogens in meta positions, it is less clear if the 

halogens in para are determinant for the excimer formation process. 
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Figure 4.22: Distance between the closest carbon atoms of two neighbouring molecules in TTBrM and TTM 

crystallographic structure. 

 

4.4 Conclusions 

In conclusion, the new TTBrM radical presents a more complicated synthesis than the one 

of TTM because of the high steric hindrance derived by the six metha bromine atoms. 

Furthermore, the higher reactivity of the bromine atoms compared with the chlorine one, 

imposes the development of new synthetic approaches without the employment of 

chlorinated reagents (CHCl3 and AlCl3), constituting a further complication in the synthesis 

of the TTBrM-αH and determining a decrease of the reaction yield.  

Regarding the optical properties, the absorption and the emission of the TTBrM radical 

are red-shifted compared with the chlorinated species. The near-UV band presents a 

lower value of ε compared with the analogous band of TTM, while there is an 

enhancement of the ε of the visible band. Nonetheless, the increase in the oscillator 

strength for the 𝐷0 ⟶ 𝐷1 transition does not determine an improvement of the 𝜙𝐹, that 

is lower than the one of TTM in all the studied solvents.   

The maximum of absorption of the TTBrMd-ONPS is shifted almost in the visible. In effect, 

TTBrM-ONPs shows the maximum of absorption close to  400 nm, an important 

improvement if we think to bio-imaging applications for these radical-doped ONPs, due 

to the toxicity of UV-light.39 The deep-red emission of the new radical is also interesting 

for bio applications, since reduces the potential self-absorption of emitted light by 

biological tissues. In this context, it is particularly useful the excimeric emission of 

TTBrMd-ONPs around 710 nm, inside the first biological transparency window. The study 

of the crystallographic stricture of the new radical confirmed the importance of the meta 

positions in the excimer formation process. 

TTBrM TTM 
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The most important aspect of the TTBrM radical is its higher photostability compared with 

TTM. Photostability is in fact the most critical parameter that limits all the applicative 

perspective of organic radicals, so the possibility to have a more photostable radical able 

to form excimers is an important tool for fluorescence applications. On the other hand, 

the radical exhibits a lower brightness if compared with TTM radical both in solution and 

in ONPs, in fact in both systems the extinction coefficient is lower as well as the 𝜙𝐿. Due 

to the lower brightness of the systems, it was no tested as ratiometric thermometer, since 

in this contest TTM based ONPs showed superior optical properties.  

A possible solution to the low luminescence of the radical can be provided by its higher 

synthetic versatility offered by the new brominated structure, which can help us to 

synthesize new derivatives and, in this way, obtaining a better knowledge of the 

photophysics of trityl radical to be used for different applications. 

 

 

 

4.5 Experimental Section 
 

4.5.1 Synthesis of the Tris(2,4,6-tribromophenyl)methane (TTBrM-αH) – 

Procedure A 

In an 25 mL high-pressure reactor in which was previously introduced a magnetic stirrer, 

were added 1 g of 1,3,5-tribromobenzene (3.18 mmol), 45 mg al aluminium chloride (0.35 

mmol), and 28 μL of chloroform (0.35 mmol). The mixture was heated at 120°C for 2h30I. 

The mixture was poured into 50mL of water and ice and extracted with dichloromethane. 

The organic phase was washed with aqueous solution of NaHCO3 (10% w/w) (3 x 25 mL), 

dried over MgSO4 and concentrated under vacuum obtaining a dark brown compound. 

The crude product was purified by column flash chromatography on silica gel using hexane 

as eluent. 150 mg of a white solid were isolated. 1H-NMR (400 MHz, CDCl3), reported in 

Figure 4.3 and described in the § 4.2.1, shows the presence of two different compounds, 

the tris(2,4,6-tribromophenyl)methane (TTBrM-αH) (R = 34%) and the 2,2'-((2,6-dibromo-

4-chlorophenyl)methylene)bis(1,3,5-tribromobenzene) (1) (R = 11%), which is due to the 

substitution of a bromine atom in para position with by a chlorine one. Due to structural 

similarity it was not possible to separate the two molecules both by crystallization in CHCl3 

or by precipitation in CHCl3/MeOH.   The MALDI-TOF analysis of the mixture (Figure 

4.2.1.2) shows the two molecular ions with the expected distributions: [MTTBrM-αH]- 952.36 

m/z,  [MTTBrM-αH - Br]-872.36 m/z, [MTTBrM-αH - 2Br]-794.62, and [M1]- 908.4 m/z, [M1 - Br]- 

828.39 m/z, [M1- 2Br]- 748.56 m/z. 



142 
 

4.5.2 Synthesis of the Tris(2,4,6-tribromophenyl)methane (TTBrM-αH) – 

Procedure B 

In a 25 mL high-pressure reactor in which was previously introduced a magnetic stirrer, 

were added 1.5 g of 1,3,5-tribromobenzene (4.8 mmol), 142 mg al aluminium bromide 

(0.53 mmol), and 46 μL of bromoform (0.53 mmol). The mixture was heated at 120°C for 

2h30I. The mixture was poured in 100 mL of water and ice and extracted with 

dichloromethane. The organic phase was washed with aqueous solution of NaHCO3 (10% 

w/w) (3 x 50 mL), dried over MgSO4 and concentrated under vacuum obtaining a dark 

brown compound. The crude product was purified by column flash-chromatography on 

silica gel using hexane as eluent. 1H-NMR (400 MHz, CDCl3), reported in Figure 4.5 and 

described in § 4.2.1, shows the formation of the tris(2,4,6-tribromophenyl)methane 

(TTBrM-αH) (R = 10%). MALDI-TOF: [MTTBrM-αH]- 952.36 m/z,  [MTTBrM-αH - Br]-872.36 m/z, 

[MTTBrM-αH - 2Br]-794.62. IR-ATR: νMAX 664, 728, 749, 854, 887, 1066, 1164, 1231, 1328, 1353, 

1375, 1404, 1422, 1525, 1558, 2902, 2976 cm-1. 
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Figure 4.23: IR-ATR spectrum of TTBrM-αH. 

 

4.5.3 Friedel-Crafts Reaction under Mild-Conditions Using Chloroform 

In a nitrogen-purged three-necked round-bottom flask of 50 ml equipped with a magnetic 

strirrer, connected to a reflux, under nitrogen flux were added 400 mg of 1,3,5-

tribromobenzene (TBB)(1.27 mmol), and 1 mL of chloroform (12.7 mmol). The mixture 

was heated to 75°C and under nitrogen flux were added 32 mg of aluminium chloride 

(0.24 mmol). After 30I the mixture was analysed by TLC using hexane as eluent. It was 
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possible to see three stains: the first one (RF = 0.77) which was the unreacted TBB, and 

two other stains with RF 0.66 and 0.55 respectively. Treating the TLC with an aqueous 

solution of N(Bu)4OH and heating, the second and third stains acquired a pale-yellow 

colour which is typical of primary benzyl carbanions indicating the formation of the 1,3,5-

tribromo-2-(dichloromethyl)benzene (MTBrM-αH) and 1,3,5-tribromo-2,4-

bis(dichloromethyl)benzene (2) (Scheme 4.2.2.2). After 1h the crude was analysed with 

the same procedure: during the heating of the TLC paper the third stain firstly acquired  a 

yellow colour, and then an intense blue colour due the formation of the carbanion of the 

2,2'-(chloromethylene)bis(1,3,5-tribromobenzene) (BTBrM-αH) which presented the 

same RF of the compound 2. Repeating the reaction in the same conditions but using 

aluminium bromide instead of aluminium chloride as catalyst, no significant variations 

were observed. 

 

4.5.4 Friedel-Crafts Reaction under Mild-Conditions Using Bromoform 

In a nitrogen-purged three-necked round-bottom flask of 50 ml equipped with a magnetic 

strirrer, connected to a reflux, under nitrogen flux were added 750 mg of 1,3,5-

tribromobenzene (TBB) (2.38 mmol), and 2.1 mL of bromoform (23.8 mmol) were added. 

The mixture was heated to 75°C and under nitrogen flux were added 127 mg of aluminium 

bromide (0.47 mmol). After 2h the mixture was analysed by TLC using hexane as eluent. 

It was possible to observe three stains: the first one with a RF = 0.66, a second one with RF 

= 0.55 and a third one with RF = 0.45. Treating the TLC with an aqueous solution of 

N(Bu)4OH and heating, all the stains acquired a pale-yellow colour, typical of the primary 

benzyl carbanion, suggesting the formation of the α,α,2,4,6-pentabromotoluene (PBT), 

1,3,5-tribromo-2,4-bis(dibromomethyl)benzene (3) and 1,3,5-tribromo-2,4,6-

tris(dibromomethyl)benzene (4) (Scheme 4.2.2.2). Repeating the reaction in the same 

conditions but using aluminium chloride instead of aluminium bromide as catalyst, no 

significant variations were observed. 

 

4.5.5 Synthesis of the Tris(2,4,6-tribromophenyl)methane (TTBrM-αH) – 

Procedure C Using AlBr3 as Catalyst 

In a 25 mL high-pressure reactor in which was previously introduced a magnetic stirrer, 

were added 1 g of 1,3,5-tribromobenzene (3.18 mmol), 170 mg al aluminium bromide 

(0.64 mmol), and 52 μL of chloroform (0.64 mmol). The mixture was heated at 120°C for 

2h30I. The mixture was poured in 50mL of water and ice and extracted with 

dichloromethane. The organic phase was washed with aqueous solution of NaHCO3 (10% 

w/w) (3 x 25 mL), dried over MgSO4 and concentrated under vacuum obtaining a dark 

brown compound. The crude product was purified by column flash chromatography on 

silica gel using hexane as eluent yielding 210 mg of a white solid. 1H-NMR (400 MHz, 

CDCl3), reported in Figure 4.7 and described in the § 4.2.2, shows the presence of two 

different compounds, the tris(2,4,6-tribromophenyl)methane (TTBrM-αH) (R = 31%) and 
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the 2,2'-((2,6-dibromo-4-chlorophenyl)methylene)bis(1,3,5-tribromobenzene) (1) (R = 

4%), which is due to the substitution of a bromine atom in para position with a chlorine 

one. 

 

4.5.6 Synthesis of the Tris(2,4,6-tribromophenyl) methane (TTBrM-αH) – 

Procedure C Using FeBr3 as Catalyst 

In a 25 mL high-pressure reactor in which was previously introduced a magnetic stirrer, 

were added 1 g of 1,3,5-tribromobenzene (3.18 mmol), 190 mg of iron(II) bromide (0.64 

mmol), and 52 μL of chloroform (0.64 mmol). The mixture was heated at 120°C for 2h30I 

and then the mixture was poured in 50mL of water and ice and extracted with 

dichloromethane. The organic phase was washed with aqueous solution of NaHCO3 (10% 

w/w) (3 x 25 mL), dried over MgSO4 and concentrated under vacuum obtaining a dark 

yellow solid. The TLC analysis of the crude product highlights only the presence of the 

starting reactant TBB. 

 

4.5.7 Synthesis of the α,α,2,4,6-Pentabromotoluene (PBT) 

In a two-necked round-bottom flask of 25 ml equipped with a magnetic strirrer, connected 

to a reflux, were added 315 mg of 1,3,5-tribromobenzene (TBB) (1 mmol) and 270 μL of 

bromform. At room temperature, the mixture was not soluble so the mixture was heated 

at 60 °C. Then 40 mg of aluminium chloride (0.3 mmol) were added and the mixture 

acquired an intense red colour observing the evolution of a gas. After 20I the mixture was 

blue coloured and no further gas formation was observed. The TLC analysis of the mixture 

indicated traces of TBB, the formation of the α,α,2,4,6-pentabromo toluene (PBT) and of 

the 1,3,5-tribromo-2,4-bis(dibromomethyl)benzene (3). The mixture was poured in 25 mL 

of water and ice and extracted with dichloromethane. The organic phase was washed with 

aqueous solution of NaHCO3 (10% w/w) (3 x 25 mL), dried over MgSO4 and concentrated 

under vacuum obtaining a dark brown oily residue. The crude product was purified by 

column flash chromatography on silica gel using hexane as eluent obtaining 235 mg of a 

white oily compound (R=50%). 1H-NMR (400 MHz, CDCl3) is reported in Figure 4.24: δ=

6.50 (s, 1H), δ=7.70 (d, J = 2.0, 1H), δ=7.84 (d, J = 2.1, 1H), the signal at δ=6.61 (s, 3H) 

is the signal of the TBB. MALDI-TOF is reported in Figure 4.25: [MPBT-HBr]+ 406.61 m/z,  

[MPBT-2HBr]+ 325.76 m/z, [MPBT –HBr3]+ 246.78 m/z. 
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Figure 4.24:  1H-NMR (400 MHz, CDCl3) of the PBT. 

 

Figure 4.25:  MALDI-TOF spectrum of PBT. 
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4.5.8 Synthesis of the Tris(2,4,6-tribromophenyl)methane (TTBrM-αH) – 

Procedure D 

In a one-necked round-bottom flask of 50 ml equipped with a magnetic strirrer, connected 

to a reflux, in which there were 200 mg of α,α,2,4,6-pentabromotoluene (PBT) (0.41 

mmol), were  added 517 mg of 1,3,5-tribromobenzene (TBB) (1.64 mmol) and the mixture 

was heated at 120 °C. 110 mg of aluminium bromide (0.41 mmol) were added and the 

mixture acquired an intense blue colour and the evolution of gas was observed. After 1h 

the mixture was poured in 100 mL of water and ice and extracted with dichloromethane. 

The organic phase was washed with aqueous solution of NaHCO3 (10% w/w) (3 x 50 mL), 

dried over MgSO4 and concentrated under vacuum obtaining a dark brown solid. The TLC 

analysis of the crude showed that the reaction was not completed. The crude product was 

purified by column flash chromatography on silica gel using hexane as eluent. The product 

obtained was washed with cold hexane obtaining 50 mg of a white compound (R=13%). 
1H-NMR (400 MHz, CDCl3) is reported in Figure 4.26: δ=6.44 ppm (s, 1H δ=7.64 (d, J = 

2.1, 3H) and δ=7.75 ppm (d, J = 2.1, 3H). 13C-NMR (400 MHz, CD2Cl2) in reported in Figure 

4.27: δ = 63.71, 122.14, 128.16, 129.25, 135.76, 137.13, 137.47 ppm.  MALDI-TOF: 

[MTTBrM-αH]- 952.36 m/z,  [MTTBrM-αH -Br]-872.36 m/z, [MTTBrM-αH - 2Br]-794.62. IR-ATR: νMAX  
664, 728, 749, 854, 887, 1066, 1164, 1231, 1328, 1353, 1375, 1404, 1422, 1525, 1558, 

2902, 2976 cm-1. 

 

Figure 4.26.: 1H-NMR of the TTBrM-αH synthesised by the Procedure D. 
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Figure 4.27: 13C-NMR of the TTBrM-αH synthesised by the Procedure D. 

 

4.5.9 Synthesis of the Tris(2,4,6-tribromophenyl)methyl radical (TTBrM) 

In a nitrogen-purged three-necked round-bottom flask of 50 ml equipped with a magnetic 

stirrer, under nitrogen flux, in a red-light room were added 51 mg of tris(2,4,6-

tribromophenyl)methane (TTBrM-αH) (0.053 mmol), 8 mL of freshly distilled THF and 37 

μL of aqueous solution of N(Bu)4OH (55% w/w) (0.096 mmol). After 5h, 26 mg of 

tetrachloro-1,4-benzoquinone (1.06 mmol) were added. After 2h the mixture was 

concentred under vacuum. The crude product was purified by column flash 

chromatography on silica gel using hexane:dichloromethane (3:2) as eluent. Each fraction 

was analysed by HPLC and only the fraction in which there was no TTBrM-αH were 

collected obtaining 30 mg of a dark-red product (R=59%). MALDI-TOF: [MTTBrM]- 952.36 

m/z,  [MTTBrM - Br]-872.36 m/z, [MTTBrM - 2Br]-794.62. IR-ATR (Figure 4.28): νMAX 711, 731, 756, 

854, 912, 1111, 1170, 1353, 1506, 1540, 2853, 2921 cm-1. 
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Figure 4.28: IR-ATR spectrum of TTBrM radical. 

 

4.5.10 Single Crystal X-Ray Diffraction of TTBrM Radical and TTBrM-αH 

Orange crystals of TTBrM radical and white crystals of TTBrM-αH, were grown from a 

dichlorometane:hexane (1:1) solution by slow evaporation of solvents, and the resulting 

crystals used for low temperature (100(2) K) X-ray structure determination. The 

measurement was carried out on a BRUKER SMART APEX CCD diffractometer using 

graphite-monochromated Mo Ka radiation (l = 0.71073 Å) from an x-ray tube. The 

measurements were made in the range 2.4 to 28.4° for θ. Full-sphere data collection was 

carried out with ω and φ scans. The structure was solved by direct methods and refined 

by full-matrix least-squares methods on F2. The non-hydrogen atoms were refined 

anisotropically. The H-atoms were placed in geometrically optimized positions and forced 

to ride on the atom to which they are attached.  

  

4.5.11 General Procedure for the EPR Characterization  

EPR spectra were recorded on an X-Band Bruker ELEXYS 500 spectrometer equipped with 

a TE102 microwave cavity, a Bruker variable temperature unit, a field-frequency (F/F) lock 

system (Bruker ER 033 M) and a built-in NMR Gaussmeter (Bruker ER 035 M). Precaution 

to avoid undesirable spectra distortion and line broadening, such as those arising from 

microwave power saturation and magnetic field over modulation, were also taken into 

account. To avoid dipolar line broadening from dissolved oxygen, solutions were always 

carefully degassed with Argon. 
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4.5.12 General Procedure for the Molar Extinction Coefficient Determination  

For the determination of the molar extinction coefficients it has been used the following 

general procedure: 1) two stock solutions were prepared weighting about 1 mg of product 

with an analytical balance (± 0.001 mg); 2) for each solution four dilutions were prepared 

in order to have an absorbance value in the range 0.05 - 0.5 and the obtained values of 

Absorbance vs Concentration were fitted to a straight line using a linear fit with the 

software Origin® 2015. The reported values are the average one. 

 

4.5.13 Determination of TTBrM Photostability in Solution 

Argon was bubbled for 30 min in THF. In a screw-cup quartz cuvette equipped with a 

septum, in which were previously put a magnetic stirrer and a little amount of the product, 

were added 3 mL of deoxygenated THF. Ar was bubbled for further 2 min directly inside 

the cuvette. The two prepared solutions (TTM and TTBrM) showed almost the same 

optical density at the wavelength used for the excitation (380 nm). The two solutions were 

continuously irradiated during 75 min, under stirring, and the fluorescence intensity was 

recorder at the maximum of emission (560 nm for TTM, 590 nm for TTBrM) each 5 

seconds. The signals of fluorescence decay were fitted by mono exponential function (f(x) 

= A1*exp(-x/t1)) with the software Origin® 2015.  

 

4.5.14 Preparation of TTBrM doped ONPs 

A solution of TTM-αH containing different amounts of TTBrM radical (0.5%, 3%, 6%, 12%, 25%, 50 

% in mol.) in THF (HPLC grade) with a total concentration of 2 mM was prepared and filtered using 

Teflon filter with  pores of 220 nm. 250 μL of each solution were slowly dropped in 9.75 mL of 

MilliQ water at room temperature under vigorous stirring (1000 rpm) for 30 minutes.  
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4.5.15 Scattering Correction of Absorbance of TTBrM doped ONPs 

  

  

  

Figure 4.28: Absorption spectra of TTBrMd-ONPs before (black line) and after (blue line) scattering 

correction (red line) obtained using TTM-αH ONPs suspension having similar size and size-distribution. 

 

Nanoparticles of pure TTM-αH were prepared with the standard precipitation procedure 

as follows: 1) A solution 2 mM of TTM-αH in THF (HPLC grade) was prepared and filtered 

using Teflon filter of 220 nm. 2) 250 μL of this solution were slowly dropped into 9.75 mL 

of MilliQ water at room temperature under vigorous stirring (1000 rpm). The absorption 

spectrum of the resulting suspension is affected only by the scattering phenomenon since 

TTM-αH does not absorb in the 280-900 nm range. This fact enables to use their 

absorption spectrum as a model function for the scattering of all samples of TTBrMd-ONP 

suspensions (Figure 4.28). 
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Chapter V 
 General Conclusions 
 

 

5.1 General Conclusions and Perspectives 

In the framework of this Thesis we have demonstrated that trityl radicals can be proficiently used 

in optic and optoelectronic applications. It has been found that both, the non-radiative 

mechanisms responsible of the low luminescence of these radicals in solutions and the ACQ effects 

typical of the solid state, can be efficiently reduced dispersing trityl radicals into organic rigid 

matrices. In this way, these host-guest radical systems achieve improved optical properties in 

terms of luminescence and photostability if compared with its properties in solution. 

It has been demonstrated that for radicals dispersed in rigid matrices, for increasing TTM radical 

concentration, an interesting red-shifted, broad and structureless emission band appears and it 

has been safely attributed to excimers of the TTM radical. These excimers, observed for the first 

time in the case of persistent free-radicals, are promising for bioimaging applications as well as 

for the fabrication of OLEDs with high internal quantum efficiency. Specifically, the TTM-doped 

ONPs allow to overcome the drawback of water solubility of TTM and increase its biocompatibility, 

constituting a good example of nano-bioprobes. In fact, these excimers are particularly interesting 

in the field of fluorescent microscopy, since their emission falls in the first biological transparency 

window, allowing obtaining high penetration depth for in vitro and in vivo bio-imaging. The 

peculiar electronic structure of the photoactive radicals provides a perfect scenario for both two-

photon excitation and luminescence inside the so-called biological transparency window (namely 

between 700 and 1500 nm), most of all if the excimer emission is exploited. Similarly, the radical-

doped polymeric films could be exploited for novel optoelectronic applications, in particular in 

white emitting OLEDs (WOLEDs) fabrication, in which blue emitting host materials are doped with 

low amount of orange/red emitting guest. In this context, , the possibility to cover a wide part of 

the visible range thanks to the excimer formation and the doublet nature of the emitters,  the 

good 𝜙𝐿 and the high chemical/photochemical stability offered by the rigid environment make 

polychlorotriphenylmethyl radicals a suitable alternative to heavy-metal complexes. 

Using a spectroscopic method it was determined the enthalpy of photoassociation and the 

excimer-repulsion energy for the 26% TTMd-ONPs, which are respectively 4.29 kcal/mol and 2.96 

kcal/mol. The relatively low value of binding energy for the formation of TTM excimers was 

exploited for the development of dual-emitting (monomer and excimer emission) ONPs that can 

be used as ratiometric thermometers. With a maximum sensitivity of 2.82 %K-1, a fully reversible 

behaviour, high reproducibility in extremely different conditions in terms of concentration, ionic 

strength and pH, TTMd-ONPs constitute one of the best intensity-based ratiometric 

nanothermometer and, as far as we know, the best self-referred sensor based on small-molecules 

in the range 5-55°C. Compared with other full-organic systems, TTMd-ONPs exhibit large Stokes 

shift and extremely long excited-state lifetime. These two parameters, together with the long 

emission wavelength, allow increasing considerably the signal to noise ratio and achieving high 

penetration depth in biological tissues. Compared with Ln+ doped systems, TTMd-ONPs offer 

higher sensitivity, brightness and biocompatibility. The simply synthesis of the materials and self-
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assembly preparation of TTMd-ONPs make this system a cost-effective nanosensor for biological 

applications. 

The dispersion of TTM radicals in rigid matrices also allowed increasing the photostability of trityl 

radicals but only in a moderate extent. In order to overcome this drawback new molecular 

strategies are needed. At this point, the problem is that such molecular strategies are hindered by 

the poor reactivity of the para chlorine atoms of these radicals. The last part of this Thesis faces 

this problem substituting, for the first time, the chlorine atoms by bromine ones which improve 

both the synthetic versatility, for further functionalizations of trityl radicals, and its optical 

properties. Based on the structure of TTM, the first polybromotriphenylmethyl radical (TTBrM) 

was synthesized and characterized. TTBrM presents higher photostability, a maximum of 

absorption in the visible instead of near UV and red-shifted emission compared with its 

chlorinated derivative (TTM). Moreover, TTBrM radical is also able to form NIR-emitting excimers 

when dispersed in TTM-αH as organic nanoparticles (ONPs). All these properties make TTBrM a 

valid choice for bio-imaging applications taking into account that TTBrM presents a lower 

brightness if compared with TTM (lower ε and 𝜙𝐹). Hence, future work will be devoted to the 

synthesis of TTBrM derivatives with improved luminescence properties. This task will be facilitate 

by the high chemical versatility offered by the same TTBrM core, which presenting three bromine 

atoms in the para positions, allows to proficiently use new synthetic approaches like Pd catalysed 

couplings to get new trityl radical derivatives.  
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