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Abstract 

In recent years, devices based on thermally activated delayed fluorescence (TADF) 

emitters have proven to be the most promising and efficient approach to convert dark 

triplet states into emissive singlet states.  

TADF materials are characterized by a small energy gap between the excited singlet 

state (S1) and the excited triplet state (T1), this gap called ΔEST is generally less than 

0.2 eV. As with phosphorescent emitters, purely organic TADF emitters can recruit 

excitons from both singlet and triplet states for light emission and thus allow to construct 

OLED devices reaching 100% internal quantum efficiencies (IQE). An important 

advantage of these emitters is related with their organic molecular skeleton, thus 

avoiding the problems associated with the use of heavy metal-based organometallic 

complexes. Thanks to their unique photophysical properties, organic TADF materials 

are being studied for a wide range of domains, such as in organic light emitting diodes 

(OLEDs), solar cells, photocatalysis, etc. Furthermore, TADF-based materials have a 

unique advantage in some imaging techniques due to their longer life than promptly 

fluorescent materials. These organic compounds are particularly promising in 

bioimaging applications due to their low cytotoxicity compared to traditional compounds 

such as lanthanide complexes. 

In the course of this thesis, the synthesis and photophysical characterization of new 

organic TADF molecules was carried out, specifically new coumarin and spiro structures, 

candidates for the construction of new OLED and as non-toxic biomarkers with efficient 

emissions in the blue-green spectral region. 
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Chapter 1: introduction 
 

1.1 Motivation 

Organic luminescent materials, whose luminescence characteristics such as color, 

emission intensity and duration, have aroused considerable interest both in the 

academic world and in the industrial scientific community, due to the wide advanced 

applications in various fields. In particular Thermal Activated Delayed Fluorescence 

(TADF) have received big attention thanks to the work of Adachi and collaborators since 

2012.1 TADF materials are characterized by a small energy gap between the excited 

singlet state (S1) and the excited triplet state (T1), this gap called EST is generally less 

than 0.2 eV. As with phosphorescent emitters, purely organic TADF emitters can recruit 

excitons from both singlet and triplet states for light emission and thus allow to construct 

OLED devices reaching 100% internal quantum efficiencies (IQE). An important 

advantage of these emitters is related with their organic molecular skeleton, thus 

avoiding the problems associated with the use of heavy metal-based organometallic 

complexes. Thanks to their unique photophysical properties, organic TADF materials 

are being studied for a wide range of domains, such as in organic light emitting diodes 

(OLEDs), solar cells, photocatalysis, fluorescence imaging, biosensing and also in 

photodynamic therapy.2 In particular since the first reported purely organic OLED based 

on a TADF emitter in 2011, huge efforts have been made in order to improve their 

photophysical performances. Electroluminescent devices based on TADF emitters have 

become a notable research topic as demonstrated by the remarkable increase in 

publications in this field from 2011 to present (Figure 1). In addition, an increasing 

number of studies focusing on biology and medicine have revealed that organic TADF 

emitters have tremendous potential in diagnostics and therapies applications.3 
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Figure 1. Number of TADF publications per year. Keyword: “thermally activated delayed 

fluorescence” or “TADF”. Scopus search conducted: 03/09/2021. 

 
Organic emitters can be classified into three types in terms of photophysical properties: 

1) traditional fluorescent molecules, 2) phosphorescent molecules, and 3) DF delayed 

fluorescence molecules. Conventional organic fluorophores exhibit short-lived fluores-

cence with a nanosecond time scale and no exciton formation in the triplet state because 

intersystem crossing (ISC) process (S1→T1) is theoretically forbidden. In fact, the inter-

system crossing represents a non-radiative process due to the transition between two 

electronic states with different spin multiplicity. The Pauli exclusion principle implies that 

two electrons in the same quantum state cannot have parallel spins: following excitation, 

the formation of a singlet state is favored compared to that of a triplet, which, possessing 

parallel spins, requires a further transition of spin to form. 

In practice, intersystem crossing consists of a process that leads to the formation of an 

excited state consisting of a pair of unpaired electrons. The probability that this process 

occurs is all the greater the closer the energy levels of the triplet and singlet state are, 

with the vibrational sublevels tending to overlap..4 
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In general, the EST energy gaps of traditional fluorescent molecules are large (> 0.5 

eV). Unlike conventional fluorophores, in which singlet excited states are mainly pro-

duced, ISC processes in phosphorescent complexes are spin-allowed, leading to a high 

production of excitons in the triplet state, spin conversion is allowed in organometallic 

complexes. This type of materials generally exhibit a long-lived emission with a time 

scale of micro- to milli-seconds. In organic TADF molecules that possess small EST, 

the reverse intersystem crossing (rISC) process is possible, generating new singlet ex-

citons that promote delayed fluorescence (DF). The energy level of the S1 state is usually 

above that of the T1 state; therefore, rISC in the TADF process becomes an endothermic 

process, which makes it thermally activated with stronger delay emission at high tem-

perature. The so produced fluorescence is in the order of microseconds, which makes 

them very promising candidates for various biomedical applications from fluorescence 

imaging to photodynamic therapy. 

Over the past decade, fluorescence imaging has been proven as a powerful trend for 

clinical diagnostics due to its distinct advantages, such as high sensitivity, high spatial 

resolution, and ease of use. However, the development of optical diagnostic agents re-

mains a challenge due to the major drawbacks of signals from autofluorescence and 

light scattering. To improve signal-to-noise ratios, long-lived fluorescent agents are 

highly desired to remove interference from short-lived background fluorescence. Heavy 

metal complexes have been investigated as potential candidates for time-resolved fluo-

rescence imaging (TRFI) due to their advantageous photophysical properties, including 

relatively long phosphorescence times (in about milliseconds) and the ability to efficiently 

populate the lowest triplet excited states. However, the cost and high toxicity of heavy 

metals limits the practical applications of these complexes. For all of these reasons, the 
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identification of available, economic, non-toxic and tunable organic TADF materials can 

contribute to open new research fields and solve these challenges.5 

The research investigations reported in this thesis focuses on the rational design, syn-

thesis and photophysical characterization of new organic TADF molecules and their 

study for potential for lighting and bioimaging applications. 

1.2 Background Theory 
 

 The luminescence in organic molecules is a radiative relaxation of excitons from the 

excited state (S1, S2,…, Sn) to the ground state (S0), which can occur with different 

multiplicities of spins, such as singlet or triplet excited states and lead to fluorescence 

and / or phosphorescence, as described in figure 2.6 

 

Figure 2. Jablonski diagram 

 

As a matter of fact, after light absorption, various processes can occur. When electrons 

are promoted to Sn, they usually quickly relax to S1 (about 10-12 s) without photon 

emission (non-radiative process), this transition is called internal conversion (1IC). This 

process is then followed by three distinct processes: 1) radiative emission that produces 
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prompt fluorescence (PF), a rapidly decaying component (nanosecond interval) with an 

assigned kinetic constant kPF; 2) non-radiative decay, 1knr; or 3) intersystem crossing 

(ISC) to triplet states, followed by relaxation to the lowest energy triplet state (3IC). Once 

reach the triplet states, T1 can recombine to the ground state by a formally forbidden 

radiative emission to spin, referred to as phosphorescence (kPH), non-radiative 

processes (3knr), or by further inversion of spin, back to the singlet state, reverse 

intersystem crossing (krISC). Phosphorescence is a formally forbidden process but occurs 

due to spin-orbit coupling (SOC); and as a result, the rate constants for triplet emission 

are several orders of magnitude smaller than those for fluorescence. Molecules 

containing heavy atoms such as bromine and iodine could promote phosphorescence 

as heavy atoms enhance the cross between systems and thus increase the 

phosphorescence quantum yields. Another type of radiative emission is the delayed 

fluorescence (DF). The electrons that occupy triplet states after ISC can return to singlet 

states through various processes such as triplet-triplet annihilation or thermally activated 

delayed fluorescence and the subsequent decay of S1 into S0 producing delayed 

fluorescence (DF). The DF will therefore have the same spectral shape as that of the 

prompt fluorescence (as explained in figure 3), but with a much longer duration.7 

 

Figure 3. Examples of absorption, fluorescence and phosphorescence spectra. 
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1.2.1 TADF Story 

The first TADF phenomenon reported in organic molecules was found by studying the 

Eosin Y (Figure 4) photophysical proprieties in 1961.8 For this reason the recorded 

delayed fluorescence (DF) was later called DF "type E". Since TADF was discovered as 

a second emission band with a long duration, apart from the phosphorescence, and 

showed an identical profile compared to the Eosin rapid fluorescence band: this 

emission was classified by Parker and Hatchard as DF of the same excited singlet state. 

Furthermore, investigations on Copper (I) complexes, conducted by McMillin and 

colleagues suggested another mechanism for the emission of two excited states in 

thermal equilibrium.9 However, during the study of fullerenes TADF derivatives in 1996 

Berberan-Santos and co-workers described the rate equations that reveal the time-

resolved processes for TADF processes.10 

In these early reports the TADF mechanism was only partially effective, due to a fairly 

large energy gap EST (0.37 eV) for eosin. Therefore, there was no clear design rules 

for the molecular structure to improve the efficiency of TADF. This became the critical 

point preventing the development of TADF materials. Thus, before 2009 applications for 

TADF materials were rare and the phenomenon was simply seen as an intriguing 

photophysical phenomenon. However, the real breakthrough regarding TADF molecules 

for OLED applications was achieved using pure organic molecules by the Adachi 

research group in 2012. They described an analysis of quantum mechanics and found 

that reducing the overlap between the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) can achieve small EST for efficient 

TADF. Following this result, a molecular structure design strategy was proposed, which 

involve the construction of such molecules with a twisted electron donor-acceptor (D-A) 

structure caused by the steric clutter of bulky substituents. Host materials containing 
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TADF molecules are generally excited through the application of a short electrical pulse, 

to promote the triplet excited state. This approach was first developed by Adachi for the 

excitation of a Sn (IV)-porphyrin complex OLED based (Figure 4).11 In 2010 Peters 

developed an OLED doped with another copper (I) organic metal complex, which 

exhibits high performance with an external quantum efficiency (EQEmax) of 16.1%.12 

These pioneering works have shown that triplet excitons, which represent 75% of the 

total excitons generated in the device, can be collected very efficiently through the DF 

channel. 

 

Figure 4. Molecular structure of some TADF molecules 

On the other hand, devices realized by using other organic molecules such as PIC-TRZ 

(Figure 4)13 as emitter layer showed a EQE values of about 5.3%, approaching the 

theoretical limit of conventional fluorescent molecules. The same group continued to 

pursue these studies showing a very small EST along with a high rate of radiative decay 

of the final S1 excitons. Again, in 2012 they also reported a series of new and high 

efficient TADF emitters based on carbazolyl dicyanobenzene (CDCB),1 showing high 

photoluminescence efficiencies and a wide range of emission color ranging from blue to 

orange.  

Due to the torsion of the carbazolyl unit with respect to dicyanobenzene, the HOMO and 

LUMO of these emitters are mainly located on the donor and acceptor parts respectively, 
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leading to a small EST. Using these materials for the preparation of multilayer OLED 

devices, a very high EQE was achieved, of 19.3% for green OLED (4CzIPN, Figure 4) 

while orange and light blue OLEDs showed EQE values of 11.2% and 8.0% respectively. 

All of these results highlighted a significant advance over conventional fluorescence-

based OLEDs, demonstrating that the use of organic TADF materials in triplet exciton 

collection by delayed fluorescence could actually help to achieve ultra-high performance 

OLED devices. In the same period, Adachi and co-worker reported the use of exciplexes 

formed between donor and acceptor molecules to achieve efficient DF and good OLED 

performance, with an EQEmax close to 10%.14 It should be noted that exciplexes are well 

known and represent an undesirable radiative pathway for normal OLEDs. Since the 

molecular structures are limitless in design and can be easily changed, the emission 

wavelength can be tuned over the entire visible spectrum, making it ideal for display and 

lighting applications. Additionally, by avoiding the use of expensive noble metals such 

as iridium (Ir) and platinum (Pt), pure organic luminescent materials are also cheaper 

candidates for OLED applications. However, the critical bottleneck of conventional 

fluorescence-based OLEDs is their low EQE, where the theoretical maximum value 

should only reach approximately the 5%. Therefore, studies on TADF molecules have 

opened a new way for the collection of triplet excitons using pure organic dyes which 

are relatively inexpensive for the fabrication of high-performance OLEDs. Nowadays, 

the EQE of organic TADF-based OLEDs, where the active emitter layer is made up of 

pure organic molecules from exciplex systems, can reach values from 20 to 30%. These 

results are comparable to the best phosphorescent OLED (PHOLED) and TADF 

materials which are now classified as "third generation emitters".15 
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1.2.2 TADF exciplex 

The formation of an exciplex, a complex formed between D and A molecules, is a 

bimolecular process where an electronically excited species forms a complex with 

another ground state molecule through coulombic attraction. Generally, the exciplex 

formation process could be described as follows: 

D + A + hν → D* + A or D + A* → (Aδ−Dδ+)* → hνexciplex + A + D 

After photoexcitation, the interaction between the donor-based excited-state (D* + A) 

and acceptor-based excited state (D + A*) creates new electronically excited species 

(DA)*. The complex formation occurs only in the excited state, as the interaction between 

the donor and acceptor species in the ground state is repulsive in nature and attractive 

in the excited state. Therefore, the electronically excited state (DA)* has a minimum on 

its potential energy surface which corresponds to the exciplex. The exciplex then could 

either emit radiatively at lower energy than D/A or dissociate into its constituents (D* + 

A/D + A*).16 As shown in figure 5, with an efficient RISC process, the emission of 

electronically excited state 1(DA)* and 3(DA)* of the exciplex involves prompt 

fluorescence (PF) and DF processes, along with the competition between internal 

conversion (IC) from S1 to S0 and nonradiative transition of triplet excitons from T1 to S0. 
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Figure 5. Electronic energy diagrams showing the formation process and working 

mechanism of a TADF exciplex. EA* and ED* are the exciton energies of the acceptor 

and donor, respectively; −ΔGes is the Gibbs energy for exciplex formation, and Eexciplex is 

the exciplex photon energy; EF is the exciplex formation; ISC is the intersystem crossing 

process from the S1 to T1 state; RISC is the reverse intersystem crossing process from 

the T1 to S1 state; PF is the prompt fluorescence process from S1 to S0; DF is the delayed 

fluorescence process from T1 to S1, then to S0; IC is the internal conversion process from 

S1 to S0; and nrT is the nonradiative transition of triplet excitons from T1 to S0. Following 

the development of the TADF exciplex emitters, it can be seen that their EL performance 

was comparable to that of the current state of the art single molecule TADF emitters. In 

contrast to single-molecule TADF emitters, exciplex systems can naturally realize 

relatively small ΔEST (0–0.1 eV) since their HOMOs and LUMOs are positioned on two 

different molecules. By introducing specific constituent materials to realize suitable 

excited-state energy alignments, increase the additional RISC channels, enhance the 

SOC effect, or optimize the exciton distance and exciton distribution, TADF exciplex 

emitters have successfully exhibited remarkable EQEs over 20% in OLEDs.17 

 

1.2.3 Design of TADF emitters 

Efficient TADF molecules must simultaneously satisfy the following conditions: a) show 

to small energy gap between the singlet and triplet excited states (EST) b) minimize the 

non-radiative decay to ensure that the triplet excited state lives long enough to maximize 

the possibility of triplet collection through the thermally activated inverse intersystem 

crossing mechanism (rISC), c) maximizing the fluorescence yield. S0 a small EST is 

therefore fundamental to maximize the rISC and therefore its rate constant krISC given 

by equation 1: 
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𝒌𝑹𝑰𝑺𝑪 ∝ 𝒆
∆𝑬𝑺𝑻
𝒌𝑩𝑻                 (1) 

where kB is Boltzmann constant and T is the temperature. 

When calculating the energy of the lowest excited states of singlet (ES1) and triplet (ET1), 

three different aspects are usually considered: a) the orbital energy (Eorb), i.e. the energy 

associated with an electron's orbital for a given nuclear picture in the excited state, b) 

the electron repulsion energy (K), this is the first order Coulomb correction, and c) the 

exchange energy (J), i.e. the first order quantum mechanical correction that it involves 

the electron-electron repulsion due to the Pauli principle, which affects the two unpaired 

electrons in the excited state, i.e. one electron in the HOMO and the other in the LUMO. 

Therefore, for singlet and triplet electronic states with the same electronic configuration, 

the three components contribute equally. However, due to the different spin arrangement 

of the excited states of singlet and triplet, the exchange term increases the energy in the 

S1 state and decreases it in the T1 state by the same amount, according to equations (2) 

and (3). The singlet-triplet energy gap (EST) is therefore given by the equation (4).  

𝑬𝒔 = 𝑬 + 𝑲 + 𝑱                   (2) 

𝑬𝑻 = 𝑬 + 𝑲 − 𝑱                   (3) 

∆𝑬𝑺𝑻 = 𝑬𝑺 − 𝑬𝑻 = 2𝑱           (4) 

Where E is orbital energy, K is electron repulsion energy and e J is the exchange 

energy. 

J is defined by the following equation (5):  

𝑱 = ∬ 𝝋𝑯(𝒓1)𝝋𝑳(𝒓2)
1

|𝒓2−𝒓1|
𝝋𝑯(𝒓2)𝝋𝑳(𝒓1)𝒅𝒓1𝒅𝒓2                 (5) 

where φH and φL are the spatial distributions of the HOMO and LUMO, respectively, 

and r1 and r2 are position vectors. Thus, it follows that reducing the overlap integral 
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between the HOMO and LUMO decrease both J and EST. This is achieved by 

molecules containing portions of electron donors (D) and electron acceptors (A), which 

promote the transfer of electrons D – A in the excited state. TADF molecules are 

therefore generally formed by D and A units, linked by an aromatic bridge, and form 

excited states with a strong CT character. The singlet-triplet energy gap can be further 

reduced by rotating the D and A units around the axis D – A and obtaining the relative 

orientation D – A close to orthogonality or, alternatively, by increasing the distance D – 

A, using a molecular bridge.  

Another parameter to consider in TADF molecular design is the oscillator strength f, 

which is an index for the light emission intensity, which is proportional to the square of 

the transition dipole moment Q (equation 6): 

f ∝ |𝑸|2          (6) 

Here, the magnitude of Q also depends on the orbital overlap between the HOMO and 

LUMO, i.e. (7) 

𝑸 = ∬ 𝝋𝑯(𝒓1)𝝋𝑳(𝒓2)|𝒓2 − 𝒓1|𝝋𝑯(𝒓2)𝝋𝑳(𝒓1)𝒅𝒓1𝒅𝒓2          (7) 

These equations indicate that a well-tuned partial orbital overlap between the HOMO 

and LUMO is a requisite condition for obtaining both a small EST and high PLQY. The 

molecular design of a D-A pair combined with π-linkers providing a large dihedral angle 

or π-spacers can separate the HOMO and LUMO with a small orbital overlap.18 

The donor and acceptor fractions used to design TADF emitters play a critical role in the 

photophysical properties of TADF molecules and therefore should be carefully selected. 

The connectivity between units D and A also has a profound impact on the singlet-triplet 

energy gap and on the rate of the intersystem crossing. In general, the singlet-triplet 

energy difference is reduced by introducing strong donor and acceptor fractions. 



 

24 
 

However, there are also other ways to further reduce EST. Twisted geometries around 

the D – A linker were used to obtain D – A molecules with relative orientation near 

orthogonality and even smaller EST. Similar effects can be obtained by increasing the 

distance D – A. These molecular geometries lead to strongly localized HOMO and LUMO 

orbitals and therefore to smaller EST values. Unfortunately, there is a clear trade-off 

between the efficiency of the rISC mechanism and the electron coupling between the 

ground state and the excited singlet state. While negligible orbital overlap leads to very 

small EST, it also leads to low radiative rates and hence to low photoluminescence 

quantum yields (Φf). Furthermore, weak donors and acceptors induce a less significant 

HOMO and LUMO localization, which results in a relatively larger singlet-triplet energy 

gap, thus decreasing the TADF contribution.19 

Further research is therefore needed to find structures with well-balanced EST and Φf 

values. A strong contribution of TADF with relatively high fluorescence yields is, in 

principle, also obtainable in molecules using a weak donor combination, coupled with a 

stronger electron acceptor unit. In these cases, several weak donors are often used to 

enhance the donor character of the TADF molecule while maintaining a relatively high 

fluorescence yield. The most frequently used combinations of electron donor and 

acceptor units in TADF compounds are derivatives of the molecules shown in Figure 6. 
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Figure 6. Molecular structures of the most common electron donor and acceptor units 
used in TADF molecules, acceptors (red) and donors (blue). 

 

Despite significant advances in the development of TADF molecules in recent years, 

further studies are needed to design molecular structures with better regulation of their 

emission and improved stability. Most of the TADF molecules have emission in the green 

region. However, some blue emitters and some red emitters have been reported 

recently, but of course more structures are needed in these spectral regions. The design 

of blue TADF emitters is difficult because they require small EST, while keeping the 

emission in blue. This requires the use of weak donors and acceptors, so the charge 

transfer (CT) emission is not strongly shifted to lower energies. The red TADF emitters 

are particularly limited, as the excited states are strongly affected by the non-radiative 

decay, in accordance with the energy gap law. This decay competes actively with the 

rISC mechanism and turns off the population of the excited state, leading to lower 



 

26 
 

quantum yields. Further molecular design is therefore required to obtain blue and red 

emitters with small EST and greatly minimizing non-radiative decay.20 

 

1.2.4 TADF Mechanism  

The photophysics involved in the TADF mechanism is best perceived when the 

luminescence of these emitters is studied using time-resolved methods. Following the 

excitation with a fast laser pulse, the luminescence in the TADF molecules shows a fast 

component, identified as prompt fluorescence (PF), due to the radiative decay of excited 

singlet states that are formed directly by excitation, according to Jablonski diagram 

reported in figure 2. This rapid decay, which usually occurs within a few nanoseconds, 

is followed by an emission tail due to the presence of DF. This occurs as a result of 

thermally activated reverse intersystem crossing from T1 to S1 and is usually identified 

as TADF. The fluorescence yield of TADF emitters (Φf) depends on the equilibrium 

between excited states of singlet and triplet due to the intersystem crossing (k ISC) and 

reverse intersystem crossing (krISC), these are indeed key parameters in the observation 

of TADF. Strong DF is observed in molecules with a relatively strong yield of triplet 

formation, ΦISC, and where the yield of singlet states formed by reverse intersystem 

crossing is very high.21 

 

1.2.5 TADF in bioimaging 
 
Fluorescent compounds based on small organic molecules are powerful tools for visu-

alizing biological events in living cells and organisms. Since the discovery of the first 

fluorescent organic compounds in the late 19th century, numerous efforts have been 

made to see the behaviors of specific biomolecules in living systems using these dyes 
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as labels. Following the development of fluorescent metal ion indicators, many fluores-

cent probes or biosensors, which are defined as molecules that exhibit a change in flu-

orescence properties in the presence of their target molecule, have been reported and 

applied in biological research. Today a variety of probes are available that target metal 

ions, pH, enzyme activities and so on. For example, Seung Kim and collaborators in 

2009 synthesized a new coumarin (figure 7) having a remarkable ability to complex Cu 

(II).22 Thanks to its solubility in water, the permeability of membranes and its non-toxicity, 

this coumarin has been tested as a probe for the detection of Cu (II) in living cells. 

 

Figure 7. Confocal fluorescence images of Cu2+ in LLC-MK2 cells (Zeiss LSM 510 

META confocal microscope, 40× objective lens). (a) Bright-field transmission image of 

LLC-MK2 cells. (b) Fluorescence image of LLC-MK2 cells incubated with coumarin (5 

μM). Further incubated with addition of various concentrations of CuCl2 [(c) 5, (d) 10, 

and (e) 20 equiv, respectively]. (f) Return of intracellular Cu2+ to the resting level was 

achieved by addition of EDTA (500 μM). This image was taken from the paper “Journal 

of the American Chemical Society” from the work of Seung Kim and collaborators.22 
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Another example in 2011 always Seung Kim and his collaborators synthesized another 

coumarin (figure 8) capable of effectively and selectively recognizes thiols based on a 

Michael-type reaction, showing a preference for cysteine over other biological materials 

including l homocysteine and glutathione.23 This coumarin in the confocal microscopy 

study showed a marked improvement in fluorescence for cysteine compared to other 

thiol functionalized amino acids. 

 

Figure 8. Confocal microscopic analysis of HepG2 cells treated with coumarin. The im-

ages of the cells were obtained using excitation at 488 nm and a long-path (>560 nm) 

emission filter. For the NEM-treated samples, before the media were finally replaced 

with PBS containing coumarin, the cells were incubated with media containing NEM at 

various concentrations for 1 h at 37 °C. This image was taken from the paper “Organic 

Letters” from the work of Seung Kim and collaborators.23 

 

Since our bodies and cells generally do not give visual information sufficiently detectable 

with the naked eye, this does not allow us to understand specific biological events, such 

as cell signaling and protein expression. Therefore, the tools that allow us to observe 

cells are essential not only for basic biology research, but also for the diagnosis and 

treatment of diseases. Suitable methods must satisfy several conditions. First, the tech-

nique should be sensitive enough to visualize biological compounds at physiological 
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concentrations, which in most cases range from nanomolar to micromolar. Second, the 

method should have sufficient spatial and temporal resolution to analyze dynamic cell 

signaling processes. Third, the method should be non-invasive, meaning detection 

should be possible from the outside of the samples. Last, but not least, it should rely on 

tools that are not too special or expensive. Fluorescence imaging is an ideal methodol-

ogy that meets all these requirements, compared to other technologies based on radio-

activity, bioluminescence, electromagnetism and electrochemistry. This is why live fluo-

rescence imaging is becoming widely used in cell biology. Another advantage of the 

technology that we should point out here is that a molecule's fluorescence signal can be 

drastically modulated by the molecular design. The fluorescein and rhodamine deriva-

tives are particularly important, as they are currently among the most widely used or-

ganic molecules in fluorescent labels and probes used for bioimaging. Bright and pho-

tostable dyes with red to near infrared (NIR) fluorescence are particularly in demand for 

in vivo imaging in animals and humans due to the transparency of tissues in this wave-

length region.  
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Figure 9. Core fluorescent scaffolds. Common scaffolds listed in order of increasing 

absorption values. R groups indicate sites for common functionalization. 

 

Due to the difficulty of predicting a priori the photophysical properties of molecules under 

physiological conditions, most of the new fluorescent molecules have been discovered 

by chance or by screening multiple compounds. With the aim of accelerating rational 

and efficient development, numerous efforts have been made to date to explain and 

predict the optical properties of fluorescent molecules by quantum computation. It might 

eventually be possible to combine organic and computational chemistry to obtain new 

fluorescent scaffolds with properties superior to the classical ones. There are currently 

many fluorescent probes available, aimed at a variety of targets. Without doubt, they 

have made a significant contribution to our understanding of dynamic and complicated 

processes in biological systems.24 

Thanks to the development of time-resolved fluorescence imaging (TRFI) techniques, 

biological information can be visualized better than ever by eliminating background sig-

nals of short duration. To implement TRFI techniques, fluorescence probes should have 

a relatively long fluorescence duration (generally, more than 10 nanoseconds) to distin-

guish their fluorescence from short-lived background signals using time-gated detection 

with a short delay time after excitation. To date, a variety of long-life fluorescent probes 

have been extensively explored for TRFI, such as transition metal complexes, lantha-

noids, inorganic nanomaterials. However, the potential toxicity of these probes and the 

high costs of heavy metals limit practical applications. In recent years, organic TADF 

molecules have emerged as alternative candidates for TRFI due to their sufficiently long 

excited state lifetimes.25 

To overcome the sensitivity of the T1 state, many strategies have been proposed to ob-

tain excellent organic TADF systems with long fluorescence durations and good biocom-
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patibility for biomedical applications. For example, exploiting nanotechnology tech-

niques, TADF nanoparticles (NPs) have been proposed water dispersible with optimal 

characteristics and are considered an effective material to protect sensitive T1 states 

from molecular oxygen. TADF NPs are generally manufactured by encapsulating TADF 

molecules with amphiphilic molecules or polymers or by anchoring TADF molecules with 

silica nanoparticles. In this way, organic TADF materials can be applied in biology and 

biomedicine with all their desirable photophysical properties plus the additional benefits 

of excellent cell uptake and accumulation from easy chemical modifications to NPs sur-

faces. Alternatively, the integration of aggregation-induced emission (AIE) and TADF 

into a single molecule has been demonstrated as another potential strategy. The char-

acteristics of aggregation-induced delayed fluorescence (AIDF) can effectively protect 

sensitive T1 states from the surrounding environment, leading to efficient RISC and en-

richment in the radiative transition. Furthermore, covalent modification of hydrophobic 

TADF molecules by introducing hydrophilic / target groups has been shown to be a pos-

sible way to address their drawbacks.26 

For example Huang and collaborators in 2017 published the first work on the use of 

nanomaterials containing an organic emitter TADF for applications in TRFI (figure 10).27 

 

 

Figure 10. Confocal fluorescence images of zebrafish: A–) zebrafish injected with CPy-

Odots; D–F) zebrafish noninjected with CPy-Odots; (A, D) were bright field images; (B, 
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E) were confocal fluorescence images recorded with 480–580 nm bandpass filters for 

CPy-Odots upon excitation at 405 nm; (C, F) were lifetime images. This image was taken 

from the paper “Advanced Science” from the work of Huang and collaborators.27 

 

For all of these reasons further studies on TADF materials are needed to overcome 

these drawbacks and limitations. As an example; improve the optoelectronic perfor-

mance of these chromophores, to achieve greater efficiency of TADF in the blue and red 

regions, to design and synthesize new TADF chromophores at the in order to obtain 

greater solubility in water, lower cytotoxicity and high selectivity for the analytes, so that 

these materials can be exploited in bioimaging and detection applications. This will re-

quire theoretical work, design and synthesis of new molecules and a broad photophysi-

cal characterization. 
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Chapter 2: Synthesis and photophysical properties of 
fluorescent D-π-A coumarin derivatives 
 

 

2.1 introduction 

Coumarins (2H-chromen-2-ones) are a class of naturally occurring compounds, that 

have been widely investigated for their electronic, photonic and pharmaceutical applica-

tions, and are suitable materials for optoelectronic devices due to their excellent photo-

stability.28-30 

Coumarin derivatives represent an important class of heterocyclic compounds that 

possess many significant optoelectronic properties as well as exhibiting diverse 

biological activities. These molecular scaffolds are generally characterized by high 

photoluminescence quantum yield (PLQY), large Stokes shifts, sensitivity, and 

intramolecular charge transfer (ICT) properties. For all these reasons, coumarin 

derivatives find application in various research fields such as laser dyes and the 

manufacture of organic light-emitting diodes (OLED) and dye-sensitized solar cell 

(DSSC), as cell imaging biomarkers and optical brighteners.31-36  

The visible absorption properties of these compounds are highly controlled by the 

insertion of various substituents directly linked to the heteroaromatic structure and in 

particular, the coumarin functionalization by inserting electron donating group (EDG) 

groups in the positions C6 or C7 and electron withdrawing group (EWG) in position C3 

or C4.37 By the analysis of different coumarin derivatives used in dye laser applications, 

Zeidler and collaborators38 observed that the benzene rings of these compounds 

exhibited a predominant para-quinoidal resonance state, determined by a "push-pull" 

effect leading to intramolecular charge transfer ICT resulting in shortening of the C5-C6 

and C8-C9 bonds. The increase of the "push-pull" effect reduces the coumarin band-
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gaps which lead to the shift of the spectral red in the UV-vis absorption. Furthermore, π-

expanded coumarin derivatives, such as benzocoumarins or vertically-expanded 

derivatives, revealed redshift absorption and emission and better quantum fluorescence 

yields than simple bicyclic compounds. These results and ongoing investigations in this 

field indicate how the rational synthesis of fluorescent Donor-π-Acceptor (D-π-A) 

molecules is still of fundamental importance for their centrality in material sciences.39-40 

 

In this chapter we report a rational study concerning the synthesis and the photophysical 

characterization of new coumarin structures containing various aromatic spacers 

between the heteroaromatic coumarin scaffold and the electron donor group (EDG), 

aimed at increasing the conjugation of the push-pull system and selecting new candidate 

molecules for the construction of non-toxic biomarker dyes with efficient emissions in the 

blue-green spectral region. 

 

2.2 Bioimaging 

As anticipated into chapter 1 when organic molecules are used for bioimaging 

applications, several factors need to be considered. Chemical stability is essential and 

the fluorophore must have an appropriate photophysical profile for the application of 

interest. A high PLQY is desirable, but it is not considered a key requirement. Low 

quantum yields can be tolerated if the molar extinction coefficient (ϵ) is very high, as the 

luminosity will remain high. In terms of wavelengths, those with lower energy are favored, 

generally greater than 500 nm, which are less harmful in biological environments. The 

use of longer excitation wavelengths also reduces the background emission, which is 

called autofluorescence, caused by intrinsic fluorophores present in proteins, cells, 

tissues, and so on. Other important photophysical characteristics to consider are the 
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Stokes shift and the photostability of the compounds. In general, the use of fluorescent 

dyes with small Stokes displacements should be avoided because they can generate 

artifacts during analysis caused by the scattering effects of excitation light. Finally, water 

solubility should be sought as bioimaging is performed almost exclusively in aqueous 

environments. Unfortunately, many small organic compounds with interesting 

photophysical and biological properties are hydrophobic and are usually not even 

soluble in water. In these cases, before the experimental use, these compounds can be 

dissolved in a solvent vehicle miscible with water, generally dimethylsulfoxide is used, 

the dissolved dye is subsequently diluted with the aqueous-based medium used in the 

application.41-44 Some coumarin structures used for bioimaging applications are reported 

below (figure 11).45-51 
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Figure 11.  Some examples of coumarins used in bioimaging. 

2.3 Coumarin push-pull systems 

Coumarin mother structure and its derivatives without an electron donor group (EDG) 

have negligible emission (Figure 12). 
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Figure 12. Examples of luminescent coumarin structures. 

Position 6 and 7 is often replaced with an EDG, typically with an ether or amine, to induce 

fluorescence. This creates an electronic "push-pull" effect in which the carbonyl group 

of the lactone ring acts as the electron-withdrawing acceptor unit. Methoxy-substituted 

coumarins tend to exhibit higher quantum yields in highly polar solvents such as 

methanol or water. In contrast, amino-substituted derivatives tend to be quenched in 
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protic solvents while exhibiting higher quantum yields in ethyl acetate. The presence of 

an electron-withdrawing group (EWG) in position 3 further strengthens the 

intramolecular charge transfer (ICT), which results in a significant redshift and greater 

solvatochromic behavior. The rigid planar core increases the efficiency of the push-pull 

effect and typically leads to good quantum yields. However, the absence of extended 

conjugation generally results in poor molar extinction coefficients and therefore in limited 

brightness. Extended π coumarins are therefore generally more suitable for bioimaging. 

5- and 8-substituted coumarins are less common but exist as subfamilies of fused ring 

derivatives such as pyran or furanocoumarins. Although their blue-shifted excitation 

profiles sometimes limit their application in biological environments, coumarin-based 

imaging agents are quite popular due to easy access, high photostability and, in many 

cases, excellent quality fluorescent.52 

 

2.4 Results and discussion 

In this work a series of 6- and 6,8-diaryl coumarins were synthesized starting from 5-

bromosalicylaldehyde through a simple two-step procedure consisting of a Knovenagel 

condensation53-54 of a series of malonate derivatives and followed by a Suzuki cross-

coupling reaction catalyzed by Pd(PPh3)4 with selected boronic acids. This strategy 

allowed to obtain the corresponding adducts in a multigram scale with good to excellent 

yields.  Following the same strategy, 6,8-diaryl-coumarins were prepared starting from 

dibromosalicylaldehyde as summarized in schemes 1 and 2. 
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Scheme 1. Synthesis of bromocoumarin derivatives through a pirrolidine/AcOH 

catalyzed Knoevenagel condensation 
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Scheme 2. Synthesis of arylcoumarin derivatives through Pd(0)-catalyzed Suzuki 

cross-coupling 

 

2.4.1 Theoretical Calculations 

Quantum chemical calculations were performed in order to predict and rationalize the 

electronic properties of compounds P1-P9. The Density Functional Theory (DFT) 

calculations, including geometry optimization of the emitters, were performed by the 

Gaussian 09 Revision D.01 software in the gas phase using DFT level using B3LYP 

functional and a 6-31G(d,p) basis set. The ground state molecular geometries of 

coumarins were optimized starting from their molecular structures as drawn in 

GaussView 5.0. The simulations were accomplished in the vacuum and with a model 

solvent, chloroform (CLF). In the latter case solvation effects arising from the interaction 

of coumarin derivatives with CLF were treated with the Self Consistent Reaction Field 

(SCRF) model by simulating the dielectric solvent through the Polarizable Continuum 

Model (PCM) calculation with-in the integral equation formalism (IEFPCM).  

From this first investigation, we observed that these derivatives do not assume a planar 

geometry as expected, since the electron withdrawing groups tend to rotate with respect 

to the coumarin plane. The analysis of atomic distances and angles indicated that in the 

excited state all the coumarin derivatives studied have a more planar structure than in 

the ground state, as a consequence of the redistribution of the electric charge. 
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Table 1. Calculated geometry, absorption and emission characteristics (in vacuum and 

in Chloroform solvent in brackets) and the HOMO and LUMO molecular orbitals (H = 

white atom, O = red atom, C = gray atom, S = atom atom yellow; the isocontour value is 

0.02 au). 

Sample id 
λabs 

(nm) 

λem 

(nm) 
HOMO LUMO 

P1 
362 

(372) 

444 

(457) 

  

P2 
401 

(419) 

494 

(526) 

  

P4 
435 

(453) 

539 

(573) 

  

P6 
420 

(442) 

512 

(549) 

  

P5 
400 

(420) 

498 

(537) 
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P7 
380 

(386) 

482 

(481) 

  

P8 
423 

(432) 

540 

(544) 

 

 

 

 

 

As regards the product P1, the dihedral angle between the coumarin plane and the 

retreating group changes of about 11% in the excited state with respect to the ground 

state, while the electric charge changes mainly on the carbon atoms of the coumarin 

rings, with the greater decrease of negative charge recorded in the position 3, the one 

that acts as a bridge to the acceptor group. Similar results have been achieved for the 

other synthesized products, with a variation of the dihedral angle in the range 5-11%, 

the lowest variation is recorded for P4. In the case of double substitution with two 

electron donor groups in position 6 and 8, both groups undergo a similar variation in the 

excited state compared to the fundamental one, leading to a more planar structure. 

These data are confirmed by molecular orbitals (MOs) calculations for both the HOMO 

and LUMO energies. Upon excitation, the molecule undergoes a structural and electrical 

reorganization that leads to an electron density pinned on the coumarin plane and 

partially to the acceptor group, without any contribution from the donor group. A 

complete charge transfer to the acceptor group is observed only for the compound P3. 

Further TD-DFT calculations allowed to estimate absorption and emission 
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characteristics, which have been summarized in Table 1. The simulated optical 

properties indicate that the substitution with EDG with increasing donating character, 

from phenyl group (P1) to paramethoxy-phenyl (P2) and 6-methoxy-naphthyl (P4) 

groups, leads to an increase in the wavelength of the estimated optical absorption and, 

consequently, of the emissions of about 75 nm, shifting the HOMO-LUMO transition from 

the near UV (362 nm for P1) to the blue range (435 nm for P4) and the from blue (444 

nm for P1) to the green range (532 nm for P4). The variation of the acceptor group, from 

ethyl ester (P2) to cyano (P6) or methylsulfoxide (P5) groups, shown that in the P1 case 

a red shift of the optical characteristics of about 20 nm is obtained while there are no 

significant differences for compounds P2 and P6. Moreover, regarding the substitution 

with two electron donating groups such as P7 and P8, the absorption is red shifted by 

about 20 nm while the emission of about 40 nm with respect to the corresponding 

monosubstituted derivative for both compound P7 and P8. Finally, as previously 

mentioned, for all simulated coumarins, the presence of a solvent causes an almost rigid 

red shift for the calculated optical properties. 

 

2.4.2 Photophysical properties 

The figure 13 shows the absorption and emission spectra of the synthesized coumarins 

P1-P8. As illustrated, spectra show two main excitations, the first in the far UV around 

300 nm, and the second in the 300-400 nm spectra region. Moreover, the greatest 

redshift was observed in the near UV-Vis range for sample P6, in agreement with the 

simulated results.  
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Figure 13. Absorption (a) and emission (b) spectra of the investigated coumarins P1-P8 
at 10-5M in chloroform, λexc = 350nm. 

 

The experimental spectra are in good agreement with the calculated values, showing a 

red shift of the near UV-Vis absorption peak by changing the substituent from phenyl 

group (P1) to paramethoxy-phenyl (P2) and 6-methoxy-naphthyl (P4). The predicted 

absorption and emission variation were also confirmed, by experimental data achieved 

for the derivatives P2 and P5, also scoring a redshift of about 20 nm for the molecule 

P6. In contrast, the calculations indicated that di-aryl substituted adducts do not caused 

significant changes in the absorption spectra. This discrepancy could be related to the 

poorly estimated interaction between the two substituents with the pseudopotential 

B3LYP. As for the effect of the substitution on the emission properties, the recorded 

spectra show that a large shift of about 70 nm is observed between the bluer molecule 

(P1) and the greenest one (P4). Compared to the calculated data, we noticed that the 

emission peaks of the compounds P2, P4, P5 and P6 were almost superimposable. As 

shown in figure 13, the disubstituted coumarins P7 and P8, show an emission redshift 
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of about 15 and 20 nm with respect to the corresponding monosubstituted derivatives 

P1 and P2 which show about half of the shift expected by the computational calculation. 

The experimental analysis also show that an appropriate functionalization of the 

benzenoid ring with EDG having an increasing donor character causes an efficient red 

shifting of about 60 nm. 

Furthermore, solvatochromic studies conducted in n-hexane, toluene, diethyl ether and 

chloroform, showed large emission shifts of about 60 nm for the coumarins P2, P4, P5 

and P6 while for coumarin P1 showed a red-shift of only 15 nm (figure 14). This can be 

explained by the fact that coumarin P1 has a less marked charge transfer states (CT) 

character than the other coumarins analyzed. In fact, the solvatochromism observed for 

these coumarins is caused by the formation of CT states, where the ground state has a 

very different geometry compared to that of the excited state. This large geometry 

change strongly depends on the polarity of the solvent in which the emitter is dispersed. 

In fact CT emitters have higher dipole moments in the excited state than in the ground 

state. After excitation, the solvent dipoles interact strongly with the dipole moment of the 

excited molecule and the dipoles rearrange to minimize the energies, resulting in a more 

strongly relaxed excited state. For more polar solvents, the relaxation effect of the 

solvent is increased and thus the emission shifts to lower energies. Emissions from the 

CT states are also devoid of features, and this may be associated with the fact that there 

is a distribution of several solvated complexes and all of these different spectral 

contributions resulted in an almost Gaussian form overlap. All coumarins λEmax values 

are listed in Table 2. 
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Figure 14. Emission spectra of P1, P2, P4, P5 and P6 samples in different solvents, 
under excitation at 300 nm. 
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Table 2. λem = maximum emission wavelength 

 

The decay time of the coumarins in solution was recorded under excitation at 350 nm 

showing that all tested derivatives shown a single exponential decay with life time 

ranging from sub-nanosecond for P1 and P7 to 9 and 13 ns for P5 compounds and P6 

respectively (Figure 15). We also noted that variation in acceptor groups causes an 

increase over the course of life, while almost no variation was observed for disubstituted 

versus monosubstituted coumarins. 

 

Figure 15. Decay time plot of coumarins P1-P8 in chloroform, excited at 350 nm 
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Furthermore, in table 3 we summarized the spectral characteristics of the coumarins 

analyzed in chloroform solutions. From these analyzed we notice that compound P5 and 

P6 exhibiter large Stokes shift leading to green emissions, and also have the largest 

PLQY of the series. 

 

Table 3. Photophysical properties of the coumarins P1-P8 in chloroform solution. *Φ 

calculated using rhodamine 6G as a reference.55 

Coumarin λ Abs (nm) λ PL (nm) Φ* τ(ns) 

P1 258, 295, 357 456 0.05 0.7 

P7 252, 309, 365 465 0.03 0.6 

P2 274, 370 500 0.15 6.0 

P8 280 520 0.12 5.7 

P6 283, 380 512 0.45 9.3 

P5 288, 368 510 0.69 13.0 

P4 303, 372 515 0.13 6.0 

 

 
 

Fluorescence emission experiments were also performed with coumarins P2, P5 and 

P6, at a concentration of 10 μM in chloroform, to highlight any acidochromism effects 

(Figure 15). These investigations were performant by using TFA. However, by increasing 

the acid concentration, a general decrease in the fluorescence maximum and sensitive 

red-shifts from 512 to 536 nm P6, 510 to 533 nm for P5, and 496 to 508 for P2 were 

achieved. This emission red shift should be mainly due to the protonation of the nitrile 

EWG group for compound P6 and the ester function for the adducted P2 and P5. 
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Figure 15. Changes in the emission spectra of compound P2, P5 and P6 (10 μM) with 

the incremental addition of TFA in Chloroform (λexc = 350 nm) 

 

Subsequently, compounds P4 and P5 were subjected to a series of other titrations with 

C- or N-protected amino acids. Furthermore, P5 and P6 were tested with a panel of 

selected metal salts (Co2+, Sn2+, Ca2+, Cu2+, Al3+, Gd3+, Fe3+) by fluorescence 

spectroscopy. It aims to highlight any interaction with organic or inorganic entities that 

would indicate potential sensor properties. However, the experiments conducted with 

the amino acid were ineffective, as reported in the figures 16-21. 

While coumarins P5 and P6 showed a noticeable change in their emission spectra when 

Al3+, Fe3+ and Cu2+ were added to their solutions (Figure 22). Especially in the case of 

Fe3+, the emission spectra of P5 and P6 showed an appreciable decrease in 

fluorescence intensity, even if this only happens at high Fe3+ concentrations (Figures 

23-24). On the other hand, the addition of Al3+ to P5 and P6 caused an increase in 

fluorescence and a blue shift as reported in Figure 22. 
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Figure 16. Changes in the absorption and PL of P5 (10 μM) with the incremental addition 
of N-Fmoc-alanine in Chloroform (λex = 350 nm). 

 

 

 

 

 

 

 

 

 

Figure 17. Changes in the absorption and PL of 4f (10 μM) with the incremental addition 
of N-Fmoc-phenylalanine in Chloroform (λex = 350 nm). 
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Figure 18. Changes in the absorption and PL of P4 (10 μM) with the incremental addition 
of N-Fmoc-alanine in Chloroform (λex = 350 nm). 

 

 

 

 

 

 

 

 

 

 

Figure 19. Changes in the absorption and PL of P4 (10 μM) with the incremental addition 
of N-Fmoc-phenylalanine in Chloroform (λex = 350 nm). 
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Figure 20. Changes in the absorption and PL of P5 (10 μM) with the incremental 
addition of Benzyl 3-phenyl-L-alaninate in Chloroform (λex = 350 nm). 

 
 

 

Figure 21. Changes in the absorption and PL of P4 (10 μM) with the incremental addition 
of Benzyl 3-phenyl-L-alaninate in Chloroform (λex = 350 nm). 
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Figure 22. Fluorescence spectra of P5 and P6 (10 μM) in the presence of different metal 
ions (100 equiv.) in methanol. 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23. Absorption and PL of P6 (10 μM) titrated with Fe3+ (0–100 equiv.) in 
methanol. 
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Figure 24. Absorption and PL of P5 (10 μM) titrated with Fe3+ (0–100 equiv.) in 
methanol. 
 

2.4.3 Cytotoxicity and bioimaging application 

Finally, to assess the photophysical behavior of coumarins P4 and P5, as potential 

biomarkers for imaging applications, we evaluated their cytotoxicity using a cell-based 

assay. For this purpose, Nthy-ori3–1 cells (Simian Virus 40 (SV40)-immortalized normal 

human thyrocytes) were treated with different concentrations (10-100 µM) of P4 and P5. 

Cell viability was determined after 24 h at 37 °C by the MTT method.56 As shown in 

Figure 25, both coumarins have proved to be not cytotoxic against cell monolayers 

(CC50 = >100 µM). In parallel, Nthy-ori3–1 cells were incubated with P4 and P5 (1.0 

μM), for bioimaging studies and then analyzed by an epifluorescence microscope using 

blue (excitation 470–495 nm; emission 510–550 nm) and orange filters (excitation 530–

550 nm; emission 575 nm). As clearly depicted in figure 26, no fluorescence was 
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detected in the external buffer or the nucleus whereas, collected images showed that 

both coumarin dyes P4 and P5 are emissive in the cytoplasmic compartments. 

 

Figure 25. Viability of Nthy-ori3–1 cell line in the presence of P4 and P5. Cells were 

treated at different concentration and cytotoxicity was determined using the MTT assay 

by monitoring formazan absorbance at 570 nm. Data represent mean values (±SD) for 

three independent determinations. 

 
 

Furthermore, the intracellular environment did not affect the fluorescence properties of 

these compounds. These pieces of evidence prompted us to deduce that coumarins 

tend to interact at the cytoplasmic lipophilic substructures, as they are poorly soluble in 

water. However, to confirm this hypothesis, a further study will be necessary assisted by 

higher resolution confocal microscopes and using any contrast agents.  
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Figure 26. Bioimaging of Nthy-ori3–1 cells treated with P4 and P5 coumarins (1µM). a) 

(20X) and b) (100X) fluorescent images of Nthy-ori3–1 cells stained with DAPI (blue), 

P4 (1µM) orange (excitation 530–550 nm; emission 575), overlay between P4 and DAPI 

images. c) (20X) and d) (100X) fluorescent images of Nthy-ori3–1 cells stained with DAPI 

(blue), P5 (1µM) orange (excitation 530–550 nm; emission 575), merged images (P5 

and DAPI). 
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2.5 Conclusions  

The synthesis of novel D--A push-pull coumarins was successfully performed in a two-

step’s strategy affording the corresponding derivatives in good to excellent yields. The 

photophysical characterization of these compounds, allowed us to identify two 

compounds (P5 and P6) with good quantum fluorescence efficiencies and their 

modulation by the exposition of these coumarins to increasing concentrations of Al3+ and 

Fe3+ solutions. Furthermore, in vitro biological assays highlighted the low toxicity of 

coumarins P4 and P5 which were therefore investigated as potential candidates for bio-

imaging applications. To this end, further studies are currently underway in our 

laboratory, aimed at identifying the possible selectivity of these compounds towards 

specific cytoplasmic subunits. 
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Chapter 3: Design, synthesis and molecular characterization 
of new TADF coumarins 
 

3.1 Introduction 

The work described in this chapter is a sort of follow-up to previous research. In this 

case the goal was to obtain new luminescent coumarins with TADF properties for use in 

applications such as lighting and bioimaging. In particular, this part of the thesis is de-

voted to the synthesis of coumarins with delayed fluorescence (DF). In fact, although 

these molecular structures are well known for their optical characteristics, only three 

coumarins have been reported as TADF emitters to date. 

In chronological order, in 2016 Qi and co-workers(57) reported the synthesis of CDPA 

(Figure 27), characterized by a strong red fluorescence with long emission lifetime, on 

the order of a microsecond (neat film) at room temperature.  

 

 

 

 

Figure 27. Molecular structure of the three TADF coumarins known in literature. 

 

This makes CDPA a building block to construct red-emitting materials in applications like 

luminescent devices, bio-markers for biosensor applications. 

Another interesting example of coumarin-based TADF emitters is given by the ones de-

veloped by Zhang et al. in 201758, that are respectively the 3-methyl-6-(10H-phenoxazin-

10-yl)-1H-isochromen-1-one (PHzMCO) and 9-(10H-phenoxazin-10-yl)-6H-benzo[c]-
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chromen-6-one (PHzBCO) (Figure 27). These molecules are composed of D-A units, 

where the phenoxazine is the donor and the benzopyrone unit the acceptor. As a con-

sequence of the similar molecular structures, these two coumarin derivatives exhibit sim-

ilar photophysical properties and HOMO and LUMO distributions and close energy lev-

els. Both materials show high PLQYs of 0.47 and 0.52 and extremely small EST values 

of 0.018 and 0.006 eV for PHzMCO and PHzBCO, respectively. Moreover, these TADF 

emitters show high maximum EQEs of 17.8% for PHzMCO and 19.6% for PHzBCO in 

the devices.  

Finally, Zhang and co-workers synthesized another TADF coumarin that emits sky-blue 

fluorescence (MAB, figure 27), this molecule shows an extremely small ΔEST of 0.081 

eV and a high PLQY value of 67.9%. The MAB-based OLED exhibits a remarkable max-

imum (EQE) of 21.7%.59 

As these coumarins shown a series of analogies with a series of compounds synthetized 

during our investigation, a comparison between these molecules have to be made. First 

of all, the acceptor group is given by the coumarin benzopyrone structure, along with the 

ester group, while the donor groups have been represented by heterocyclic structure 

such as carbazole, phenoxazine and phenothiazine functional groups. 

 

3.2 Computational Calculations 

Before starting with the synthesis of new dyes derivatives, computational calculations 

were run in order to value the chosen targets and values if these structures could satisfy 

our expectations. In particular, we looked for a EST (the S1 and T1 energies), in order to 

evaluate if the designed molecules could be associated with TADF properties. The char-

acterization of the electronic structure and optoelectronic properties of the three couma-
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rins was carried out with the aid of DFT calculations. More specifically, we used a meth-

odology that offers a particularly accurate description of the electronic structure, i.e. the 

PBE0 functional was adopted and the excited state properties were calculated within the 

Tamm-Dancoff approximation.60 

The first step in this approach is related to the optimization of desired target structures 

with the aim of achieving the lowest energy values (figure 28 shows the optimized struc-

ture of the three coumarins).  

 

Figure 28. a) c) e) Optimized structures of Cmr-Cz, Cmr-Pxz and Cmr-Ptz and b) d) f) 

their respective graphs of the total energy. Heteroatoms: O, red; N, blue; S, green. 
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To corroborate our optimization process, vibration frequency calculation were per-

formed. The absence of imaginary frequencies is generally taken as proof that we are in 

a minimum of energy. Finally, to extract the energies of the electronic excited states, a 

TDDFT calculation was performed. The results obtained after our calculations for a se-

ries of 6-functionalized coumarins were summarized in scheme 3. 

 

Scheme 3. Calculated HOMO and LUMO (as obtained at DFT PBE0 6-31G(d,p) level), 

S1 and T1 energies (as obtained at TDA-DFT PBE0 6-31G(d,p) level), of Cmr-Cz, 

Cmr-Pxz and Cmr-Ptz. 

 

From these calculations we observed that, the LUMOs for three compounds (Cmr-Cz, 

Cmr-Pxz and Cmr-Ptz) show similar values. This result is related to the fact that the 

acceptor group is the same for both compounds. On the other hand, the HOMO of Cmr-

Pxz and Cmr-Ptz has a higher energy than that of Cmr-Cz; this depends on the fact that 

phenoxazines and phenothiazines are well known stronger donor groups than carba-

zole, for two main reasons; first of all, the heteroatom contributes to the donation through 

mesomeric effects. Secondly, the lone pair of the nitrogen heteroatom is not involved in 
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the resonance and for this reason it can be easily transferred along the conjugation sys-

tem, unlike in the case of carbazole. This difference in HOMO energy leads to a smaller 

E for Cmr-Pxz and Cmr-Ptz, so the emitted radiation will have a longer wavelength. 

Also, for these investigations, we could see that the f value for Cmr-Pxz and Cmr-Ptz is 

equal to zero, it means that the emission intensity should be zero or very low for this 

compound, even if a EST value suitable for a TADF emission. After these evaluations, 

we proceeded with the synthesis of the three coumarin derivatives, following the meth-

odologies described below in scheme 4. 

 

3.3 Synthesis 

Bromocoumarins were synthesized as described in chapter 2. Further a Pd(0) catalyzed 

Buchwald-Hartwig cross-coupling reaction with several N-heterocycles was performed 

in order to afford the corresponding products Cmr-Cz, Cmr-Pxz and Cmr-Ptz in good 

yields. 
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Scheme 4. Synthetic paths for the three emitters studied: Cmr-Cz, Cmr-Pxz and Cmr-

Ptz. 

 

With the aim of obtaining useful quantities of the compound Cmr-Cz and being able to 

perform its photophysical characterizations, we have undertaken the screening of a 

series of palladium (0)-based catalysts, aryl and alkylphosphines and bases (scheme 

5), commonly used in Buchwald-Hartwig reactions. In fact, a first attempt based on 

copper-catalyzed Ullmann coupling reaction61 was ineffective (table 4, entry 1). 

On the other hand, palladium acetate45 did not performed well, regardless of the ligand 

employed for this transformation (entry 2-5). However, the Pd2(dba)3 catalyst allowed us 

to access Cmr-Cz in 40% yield (entry 8). 
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Scheme 5. a) Cmr-Cz Buchwald–Hartwig reaction coupling; b) molecular structures of 

the screened ligands. 

 

 

Table 4. Coupling reaction conditions, isolated yields after flash chromatography. 

Reactions were performed with I1 (130 mg, 0.4 mmol), carbazole (1.1 equiv.), base (2 

equiv.), catalyst (5 mol %), ligand (10 mol %) in the solvent (3 mL) for 24 h. 
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3.4 Crystal Structures 

To obtain further structural information on the synthesized coumarins, the compounds 

Cmr-Cz and Cmr-Pxz were recrystallized in methanol by slow evaporation and 

submitted for single crystal X-ray diffraction (Figures 29 and 30). Cmr-Cz formed light- 

yellow crystals, crystallized in the monoclinic space group P21/c. Cmr-Pxz generated 

red crystals in the monoclinic space group P21/c. The collected data are summarized in 

Table 5.  

Although the Cmr-Cz and Cmr-Pxz molecules contain planar aromatic moieties and no 

intermolecular π-π stacking was observed. As shown in Figures 29 and 30, the torsion 

angle between the planes of carbazole and coumarin and of phenoxazine and coumarin 

are approximately 83° and 76° respectively. We also observed that solid-state packing 

is stabilized by the CꟷH···O and CꟷH···π interactions, suggesting that such solid-state 

packaging might play an important role in suppressing the radiation-free quench of 

fluorescence and leads to a high solid-state PLQY. 
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Figure 29. a) ORTEP diagram with 50% probability. b) Solid-state packing of Cmr-Cz. 

Heteroatoms: O, red; N, blue. 

 

 

Figure 30. a) ORTEP diagram with 50% probability. b) Solid-state packing of Cmr-Pxz. 

Heteroatoms: O, red; N, blue. 
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Table 5. Summary of X-ray crystallographic data for Cmr-Cz and Cmr-Pxz. 

 Cmr-Cz Cmr-Pxz 

Chemical formula C
24

H
17

NO
4
 C

24
H

17
NO

5
 

Formula weight 383,40 399,40 

Space group P2
1
/c P2

1
/c 

a (Å) 9.0714(8) 8.5019(9) 

b (Å) 13.6004(12) 16.8093(18) 

c (Å) 15.9078(12) 13.7240(14) 

α (°) 90 90 

β (°) 102.614(3) 105.442(4) 

γ (°) 90 90 

V (Å
3
) 1915.25 1890.51 

Z 4 4 

R-Factor (%) 5.26 5.59 

 

 

 

3.5 Photophysical characterization 

Once the molecules were synthesized, photophysical properties were studied. As de-

picted in figure 31, Cmr-Cz shows an absorption band with a maximum around 375 nm 

which has been attributable to S0-S1 transition. On the other hand, the coumarins Cmr-

Pxz and Cmr-Ptz, showed a red shift with an absorption maximum around 425 nm.  
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Figure 31. Absorption spectra of Cmr-Cz, Cmr-Pxz and Cmr-Ptz in chloroform, with a 
concentration of 10-5 M. 

 

Based on the recorded absorption spectra, photoluminescence measurements in solu-

tion were carried out by exciting the target molecules at the maximum absorption wave-

length. As regards the Cmr-Cz we observed an emission in the green region while for 

the other two coumarins an appreciable luminescence was not observed. 
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A solvatochromic study was then carried out for coumarin Cmr-Cz using four different 

solvents (chloroform, diethyl ether, toluene and hexane). The recorded emission spectra 

of these solutions showed strong positive solvatochromic effects. The emission meas-

urements in different solvents are summarized in Figure 32 (and Table 6).  

 

Figure 32. Emission spectra (left) of Cmr-Cz in different solvents (n-hexane, toluene, 
diethyl ether, chloroform), with a concentration of 10-5 M (λex = 350 nm), showing 
solvatochromic red effect shift. The table 6 summarizes the λPLmax. 

 

In addition, lifetime measurements (figure 33) and PLQY analyzes in solution were car-

ried out. From these experiments, we extrapolated that coumarin Cmr-Cz exhibit a life-

time of about 10 ns, and a PLQY of about 37% (in chloroform solution using with a 

reference Rhodamine 6G). 

 

Table 6. 
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Figure 33. Decay time plot of Cmr-Cz excited at 350 nm in chloroform. 

Then, another parameter that was been investigated was the thermal stability of the 

molecule, to do this a thermogravimetric analysis (TGA) was carried out. The experiment 

consists in the continuous measurement over time of the variation in mass of the sample 

as a function of temperature, in conditions of an inert atmosphere. As shown in figure 

34, the decomposition temperatures (Td with 5% weight loss) of Cmr-Cz was about 

260°C. 
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Figure 34. Cmr-Cz coumarin thermogram. 

Thin-film state photoluminescence measurements were carried out using coumarin con-

taining PMMA disperse film. Figure 35 shows the excitation and emission spectra. As 

expected Cmr-Cz emits in the green region with λmax centered at 520 nm while the cou-

marin Cmr-Pxz emits in the red with a λmax of 610 nm. This difference is in full agreement 

with the computational date. Coumarin Cmr-Ptz showed an emission maximum at 580 

nm, in good agreement with our computational calculations. 

 

 

Figure 35. Excitation and photoluminescence spectra of Cmr-Cz, Cmr-Pxz and Cmr-

Ptz (10 wt% in PMMA films). 
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Figure 36. PL decays of Cmr-Cz, Cmr-Pxz and Cmr-Ptz excited at 350 nm (10 wt% in 

PMMA films). 

Furthermore, lifetimes measurements and PLQY for the coumarin dyes were performed 

and the result summarized in table 7.  

Table 7. Cmr-Cz, Cmr-Pxz and Cmr-Ptz maximum emission, lifetimes and PLQY (10 

wt% in PMMA films under air). 

 λ
PL 

(nm) τ
 
(ns) PLQY (%) 

Cmr-Cz 520  15 8.8 

Cmr-Pxz 610  14 0.3 

Cmr-Ptz 580 16 0.2 

 

Since coumarin Cmr-Cz was the only derivative showering relevant PLQY, further in-

vestigations were conducted to in order to value its TADF properties. For this reason 
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time-resolved measurements under vacuum were run with the aim to highlight delayed 

fluorescence (DF). Time-resolved temperature-dependent measurements were con-

ducted at low temperatures to identify the phosphorescence peak. 

The comparisons of the analyzes carried out in neat film at 10-4 atm are depicted in figure 

37. 

 

Figure 37. Comparison of Cmr-Cz DF intensity at different temperatures (300K and 

77K) on neat film.  

 

However, the measurement carried out at 300K allowed as to highlight a delayed fluo-

rescence with a lifetime of about 7 μs. These temperature-dependent decays confirm 

the assignment of the emission as thermally activated retarded fluorescence. At 300 K 

the molecule has sufficient thermal energy to bridge the energy gap, ΔEST, between S1 

and T1. rISC proceeds and repopulates the S1 state giving rise to delayed fluorescence 

and the depopulation of the T1 state suppresses the phosphorescence. When the sam-

ple is cooled to 77 K, this situation is reversed, the molecule no longer has sufficient 
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thermal energy to overcome ΔEST and rISC is turned off, which results in suppressed 

delayed fluorescence and increased phosphorescence. Signals recorded at lower tem-

peratures showed lower intensities than those recorded at high temperatures by about 

an order of magnitude. This behavior confirms our calculations which indicated Cmr-Cz 

as a new TADF dye. 

In figure 38 there is a comparison of different bands, emitted with an excitation delay of 

5 ns and with a delay of 20 ms from excitation at 77K. These two signals represent 

fluorescence and phosphorescence emissions, respectively. The phosphorescence 

band is shifted towards the red of about 80 nm with respect to the fluorescence band, 

this is because the T1 state has a slightly lower energy than the S1 state, so the energy 

gap with the ground state is smaller and therefore the emission gives a radiation with a 

lower frequency and greater wavelength.  

In Table 8 we reported the calculated values of S1, T1 and the lifetime of prompt and 

delayed fluorescence. These data are in agreement with our calculations which indicated 

Cmr-Cz as a new TADF. 

 

Table 8. Experimental values of S1,T1 and the lifetime of prompt and delayed fluores-

cence. 

Emitter 
S

1
 

(eV) 

T
1
 

(eV) 

ΔE
ST

 

(eV) 


p
 

(ns) 


d
 

(µs) 

Cmr-Cz 2,50 2,32 0.18 12 7 

 



 

83 
 

 

Figure 38. Cmr-Cz emission signals (5 ns and 20 ms) after excitation on neat film. 

 

3.6 Cytotoxicity and bioimaging application 

To evaluate the photophysical behavior of coumarin Cmr-Cz, as a potential biomarker 

for imaging applications, we evaluated their potential cytotoxicity in a cellular test. The 

antiproliferative activity of Coumarin Cmr-Cz was evaluated against a series of human 

cell lines derived from haematological tumors (CCRF-CEM, acute lymphoblastic leuke-

mia, T cells; WIL2-NS, lymphoblastoid splenic leukemia, B cells) and solid (SK-MES-1, 

lung carcinoma; Vero-76, "normal" monkey kidney epithelial cells). Antitumor agents 

such as Vincristine and Etoposide were used as reference compounds. Preliminary data 

show an interesting activity of Cmr-Cz against haematological tumors with CC50 values 

equal to 0.8 µM and 1 µM (respectively on CCRF-CEM and WIL2-NS). This good activity 

against lymphoblastoid cell lines is also maintained against lung cancer SK-MES-1 

(CC50 = 3 µM). Cmr-Cz was found to be non-cytotoxic (CC50 = 100 µM), also showing 
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a certain selectivity (SI ≥100) towards the normal Vero-76 line. Further studies are un-

derway to verify whether this selectivity is also confirmed against "normal" human cell 

lines such as CRL-7065 and MRC-5. The results are shown in table 9. 

 

Table 9. Antiproliferative activity in vitro of Cmr-Cz against normal Monkey kidney-de-

rived cell line, against solid tumour-derived (SK-MES-1) and human leukaemia-/lym-

phoma-derived cell lines. aCompound concentration (µM) required to reduce cell prolif-

eration by 50 %, as determined by the MTT method, under conditions allowing untreated 

controls to undergo at least three consecutive rounds of multiplication. bNormal Monkey 

kidney; cHuman lung carcinoma; dCD4+ human acute T-lymphoblastic leukaemia. eHu-

man splenic B-lymphoblastoid cells; VP16 = Etoposide. 

 

 

Finally, the Nthy-ori3-1 cells were incubated with Cmr-Cz (1.0 μM), for bioimaging stud-

ies and then analyzed with an epifluorescence microscope using blue filters (excitation 

470-495 nm; emission 510-550 nm) and orange (excitation 530-550 nm; emission 575 

nm). As illustrated by Figure 39, no fluorescence was detected in the external buffer or 
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nucleus, while the collected images showed that Cmr-Cz coumarin is emissive in the 

cytoplasmic compartments. 

 

Figure 39. Bioimaging of Nthy-ori3-1 cells treated with Cmr-Cz (1µM) coumarin. a) (20X) 

and b) (100X) fluorescent images of Nthy-ori3-1 cells stained with DAPI (blue), Cmr-Cz 

(1µM) orange (excitation 530-550 nm; emission 575), overlap between Cmr-Cz images 

and DAPI. 

 

 

3.7 conclusions 

The synthesis of new coumarins Cmr-Cz, Cmr-Pxz and Cmr-Ptz was successfully per-

formed using a two-step strategy affording these derivatives in satisfactory yields. The 

photophysical characterization showed that only the Cmr-Cz coumarin has TADF prop-

erties and presents a good quantum efficiency (in chloroform solution it has a PLQY of 

about 37%) while the other two Cmr-Pox and Cmr-Pxz showed a poor quantum effi-

ciency and emission in the orange-red range. Furthermore, preliminary in vitro biological 

studies for the Cmr-Cz molecule showed low toxicity and it was therefore investigated 
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as a potential use as high-resolution bio-imaging intracellular TADF dye. These investi-

gations are ongoing in order to identify specific affinity with cytoplasmic subunits by using 

time dependent high-resolution confocal microscopy.  
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Chapter 4: Synthesis of deep blue emitting new spiro 
[fluorene-9,9′-xanthene]  
 

 

4.1 Introduction 

OLEDs are considered the most competitive candidates for next-generation color flat 

panel displays and future energy-saving lighting sources due to their unique 

characteristics.62-63 For the manufacture of both flat panel and light sources, multicolored 

luminescent materials are generally needed to ensure the quality of devices, because a 

flat panel display should possess the ability to produce nearly all real-world colors, and 

white light generated by solid-state light sources should show an index high enough 

color rendering (CRI) (≥80) to reproduce the vivid color of illuminated objects.64-65 So, to 

fulfil these purposes, three types of luminescent materials that emit primary colors Red 

(R), Green (G) and Blue (B) are generally employed according to the theoretical primary 

color. However, luminescent materials with different emission colors can affect the 

quality of displays. Among primary color luminescent materials, both fluorescent (singlet) 

and phosphorescent (triplet) type blue emitters generally exhibit significantly lower 

electroluminescence (EL) performance in terms of efficiency, durability, color quality and 

injection / transport.66-67 Therefore, the speed with which OLEDs are introduced to the 

market has been slow. Getting a good compromise between the necessary properties 

required by the OLED field is indeed a great challenge for researchers. According to 

industry standards for color displays, materials that emit blue should emit a saturated 

blue or deep blue color to meet the demand for high-quality displays. This indicates that 

the blue emitters should have a very wide band gap (Eg), making it difficult to design 

their molecular structure. The chemical characteristics required to meet the deep blue 

emission can induce stability and charge carrier injection / transport problems in the 

devices. The blue phosphorescent emitters showed high EL efficiency; however, they 
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still have similar disadvantages with their fluorescent counterparts. In addition, they 

show more serious problems related to color purity. To date, there are few blue 

phosphorescent emitters and most of them emit only sky-blue phosphorescence, which 

cannot meet the requirements of the display standard, and deep blue phosphorescent 

emitters are rare.68-69 

To date, several studies have examined blue emitters as polymers,70 small fluorescent 

emitters,71 and small phosphorescent organometallic complexes.,72 The luminescent 

materials introduced by these reviews usually show sky blue or blue emissions with the 

y component of the Commission Internationale de l'Eclairage (CIE) coordinates greater 

than 0.1. However, considering the application of OLEDs in color displays, the CIE 

coordinates of the blue EL should be (0.14, 0.08) as specified in the National Television 

System Committee (NTSC) standard or (0.15, 0,06) by the European Broadcast Union 

(EBU) television viewing criterion. As a result, blue luminescent materials showing CIE 

coordinates with a y component of less than 0.1 are highly desired. 

 

Figure 40. The CIE (Commission Internationale de l'Eclairage) 1931 chromaticity 

diagram.  
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In a sense, the development of blue emitters can largely determine the progress of 

organic EL, considering the practical applications of OLEDs. 

In view of the impending global energy crisis and inefficient use of energy, the energy-

saving function associated with OLEDs could show their most attractive feature as one 

of the most competitive candidates for next-generation displays and especially future 

ones, energy-saving lighting sources. Therefore, being the most fundamental 

component in OLEDs, light-emitting materials are absolutely necessary to show high EL 

efficiencies, i.e. convert electricity into light more efficiently. Unfortunately, deep blue 

emitting materials still exhibit relatively low EL efficiencies compared to other analogs 

such as green emitting ones.73-74 Hence, the development of highly efficient blue emitting 

materials is still a great challenge, especially to obtain efficient deep-blue emitters, which 

are very critical for making high quality displays. 

Another challenge in finding materials that emit deep blue is stability. To obtain a deep 

blue emission, the emitters should have a sufficiently large band-gap. Therefore, the 

excited states of the deep blue emitters possess very high energy levels, which increase 

the susceptibility to deterioration of the deep blue emitters upon excitation. In another 

aspect, the blue phosphorescent emitters also suffer from stability problems. In order to 

obtain high triplet energy and induce blue phosphorescence, strong electron attracting 

groups, such as fluoride and cyanide, are introduced into the blue phosphorescent 

emitters. However, C – F bonds in blue phosphorescent emitters have been shown to 

be prone to decompose during operation of their corresponding OLEDs.75 As a result, 

blue OLEDs generally exhibit a shorter lifespan than their green and red analogs. 

Therefore, improving the stability of materials that emit deep blue is a very important 

issue in the field of OLEDs. 
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While aiming at designing deep blue TADF emitters, several parameters should be taken 

under consideration, such as the π-conjugation length, the redox potential of both the 

electron-releasing and electron-withdrawing moieties, as well as the degree of 

conjugation, which is allowed between the two moieties. In practice, the photophysical 

characteristics as well as the geometry of the molecules are now classically examined 

by theoretical calculations prior to their synthesis, optimizing the probability to get 

materials with the desired properties. However, the design and synthesis of a light-

emitting material with TADF properties is not enough to be sure that OLEDs that will be 

fabricated will furnish a deep blue OLED. Indeed, choice of an adapted host, selection 

of the right device stacking, the dopant concentration is another crucial parameter 

governing the performance of OLEDs.76 

The following are the best performing TADF molecules used in the literature for the 

production of OLEDs that place in the deep blue region (figure 41).77-87 
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Figure 41. Molecular structure, maximum electroluminescence and EQEmax of some 

TADF emitters known in literature. 
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4.1.1 Spiro compounds 

Aromatic spiro compounds represent a class of molecules characterized by high PLQY, 

non-dispersive hole transport capacity and ambipolar carrier transporting properties. 

Due to these properties, a variety of spiro-derivatives have been investigated in different 

fields, finding applications in molecular tectonics,88 enantioselective molecular 

recognition,89 molecular electronics,90 and optoelectronic devices preparation.91-92 Spiro 

compounds also possess other interesting properties which are of great importance for 

the fabrication of optoelectronic devices such as high solubility and thermal stability. In 

this scenario, the spirobifluorene (SBF) which, being rigid, bulky and three-dimensional, 

lends itself perfectly as a component for the construction of deep blue emitting 

materials.93-95 SBF and its derivatives have also been reported in literature as functional 

materials for large optical band gap.96 

In 2006 Huang and co-workers developed a new synthetic one-pot route for the 

preparation of spiro [fluorene-9,9′-xanthene] (SFX).97 Due to its interesting 

optoelectronic and physical properties, SFX and its synthetic strategy has been used to 

study a series of luminescent materials with high thermal stability, solubility in various 

solvents steric hindrance etc. 

This strategy was also employed by Yam and co-workers which synthesized a number 

of spiro fluorene-xanthene scaffolds which were investigated as hole transporters.98  

Moreover, the Liang group synthesized and applied two SFX-substituted tetracarbazole-

based hole transport materials (SFX-Cr1 and SFX-Cr2) for the preparation of OLEDs. It 

has been shown that controlling the substituted positions of carbazole in SFX it is 

possible to modulate changes on their photophysical and electrochemical properties, 

while improving the hole mobility (figure 42).99 
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Berlinguette and co-workers, reported the synthesis, the characterization and the 

application of new fluorine-xanthene spiro derivatives as hole-transport materials (HTM) 

and their application in the design of solar cells (Figure 42). It was determined that the 

introduction of TPA groups in the fluorene skeleton increased the free energy variation 

for hole extraction from the perovskite layer, while the TPAs on the xanthene unit govern 

the glass transition temperature (Tg) values.100 

Huang synthesized a new spiro, 2,30,60,7-tetracarbonitrile-SFX (TCNSFX) which was 

used as an electron acceptor upon the combination with tris (4-carbazoyl-9-ylphenyl) 

amine (TCTA) that acts as an electron donor to form an exciplex emitter. This TADF 

Exciplex showed a photoluminescence quantum yield of 29% and high 

electroluminescence efficiency (figure 42).101 

The same research group, in 2021 synthesized two new acceptors based on spiro 

[fluorene-9,9′-xanthene] (SFX), 2-(4,6-diphenyl-1,3,5-triazin-2-yl)-SFX (TRZSFX) and 

2,7-bis(4,6-diphenyl-1,3,5-triazin-2-yl)-SFX (DTRZSFX) obtaining exciplex emitters by 

using tris (4-carbazoyl-9-ylphenyl) amine (TCTA) as a donor. The results of these 

investigations showed that two TCTA-based devices: TRZSFX and TCTA: DTRZSFX 

hare characterized by high electroluminescence efficiency with an external quantum 

efficiency (EQE) value of 22%.102 

Zhao and collaborators successfully synthesized two SFX coumarin derivatives, named 

SFX-CS and SFX-CD, their optoelectronic properties were studied and an OLED 

prototype was also fabricated. However, devices based on these two derivatives have 

been found to exhibit low efficiencies.103 
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Figure 42. Representative molecular structures of synthetized Spiro (fluorene-

xanthene).  

Finally in 2021, Zysman-Colman and co-workers successfully synthesized the first 

examples of spiro fluorene-xanthene-based TADF emitters, called SFX-PO-DPA, SFX-

PO-DPA-Me and SFX-PO-DPA-OMe. These compounds showed extremely interesting 

photophysical properties and the resulting OLED prototypes showed EQE values up to 

23%, and modest efficiency roll-off.104 

 

 

Figure 43. Chemical structures of TADF spiro fluorene-xanthene based compounds. 

As a continuation of this study, we investigated some spiro (fluorene-9.9 '-xanthene) 

SFX-CN-Cz and SFX-CN-tBuCz systems with the aim to develop a series of performing 

deep blue emitters.  
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In this project, cyanobenzene decorated fluorene was introduced in these structures as 

the acceptor unit and two different substituted carbazoles, were introduced as donors 

(Figure 44). 

 

 

Figure 44. Chemical structures of SFX-CN-Cz and SFX-CN-tBuCz. 

 

 

4.2 Results and Discussion  

 

4.2.1 Synthesis 

These compounds were prepared starting from 2,7-dibromospiro[fluorene-9,9'-

xanthene] SFX-Br which was prepared following the corresponding literature.95 Then the 

compound 4,4'-(spiro[fluorene-9,9'-xanthene]-2,7-diyl)dibenzonitrile SFX-CN was 

synthesized through a Suzuki cross-coupling reaction catalyzed by Pd(PPh3)4. The so 

obtained molecular structure SFX-CN was selectively diiodinated by using a N-

iodosuccinimide (NIS) in Chloroform and Trifluoroacetic acid at 50 ºC affording the 

corresponding diiodo adduct in a good yield (80%). Finally, Pd(0)-catalyzed Buchwald-

Hartwig coupling (Pd2(dba)3, [(t-Bu)3PH]BF4, NaOt-Bu, toluene at 110 ºC, 48 hours) 
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with different carbazole derivatives afforded the desired compound with moderate yields 

for SFX-CN-Cz 35% and SFX-CN-tBuCz 38% respectively.  

 

Scheme 6. Synthetic routes for SFX-CN-Cz and SFX-CN-tBuCz. 
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4.2.2 Crystal Structures 

The structures of SFX-CN-Cz and SFX-CN-tBuCz were studied by single crystal X-ray 

diffraction (Figures 45 and 46). The data obtained from the X-ray diffraction analysis are 

summarized in Table 10. SFX-CN-Cz formed colorless crystals and was found to crys-

tallize in the triclinic space group P-1 when recrystallized from a mixture of tetrahydrofu-

ran and hexane by slow evaporation of the solvent. SFX-CN-tBuCz formed colorless 

crystals in the monoclinic space group P21/n when recrystallized from a mixture of tetra-

hydrofuran and hexane by slow evaporation of the solvent. The SFX-CN-Cz molecule 

has a dihedral angle of approximately 154°. While the molecule SFX-CN-tBuCz has a 

dihedral angle of about 146°. Both molecules SFX-CN-Cz and SFX-CN-tBuCz exhibit 

no intermolecular π-π stacking. 

 

 

Figure 45. a) ORTEP diagram with 50% probability. b) Solid-state packing of SFX-CN-

Cz. Heteroatoms: O, red; N, blue. 
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Figure 46. a) ORTEP diagram with 50% probability. b) Solid-state packing of SFX-CN-

tBuCz. Heteroatoms: O, red; N, blue. 

 

Table 10. Summary of X-ray crystallographic data for SFX-CN-Cz and SFX-CN-tBuCz. 
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4.2.3 Computational Calculations 

The characterization of the electronic structure and optoelectronic properties of the two 

spiro compounds was carried out with the aid of DFT calculations. In particular, the 

methodology described in chapter 5 which describes the experimental part was used. 

From the results obtained (shown in scheme 7) the HOMO level is lower when passing 

from SFX-CN-Cz to SFX-CN-tBuCz, this is consistent with the growing strength of the 

donor. As for the LUMO, this is localized on the whole part of the acceptor including 

benzonitrile and fluorene. The energies of S1 decrease from 3.00 eV for SFX-CN-Cz to 

2.81 eV for SFX-CN-tBuCz. The ΔEST values turn out to be quite small going from 0.14 

eV for SFX-CN-Cz to 0.003 eV for SFX-CN-tBuCz reflect the almost orthogonal 

arrangement of the donor and acceptor groups, this could indicate that the two spiro 

could be TADF. The calculated oscillator strength is very small and range from 0 to 10-4 

so a low fluorescence efficiency of these two emitters should be expected. 
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Scheme 7. Calculated HOMO and LUMO (as obtained at DFT PBE0 6-31G(d,p) level), 

S1 and T1 energies (as obtained at TDA-DFT PBE0 6-31G(d,p) level), of SFX-CN-Cz 

and SFX-CN-tBuCz. 

 

 

4.2.4 Photophysical characterization 

 

Figure 47 shows the absorption and photoluminescence (PL) spectra of the two emitters 

in different solvents. Both compounds exhibit similar optical absorption and possess a 

series of highly absorptive bands from 290 nm to 370 nm. The photoluminescence 

spectra show a red shift in the emission from SFX-CN-Cz (in toluene λPL = 423 nm) to 

SFX-CN-tBuCz (in toluene λPL = 445 nm) consistent with the decrease in the HOMO-
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LUMO gap. This achievement was also corroborated by theoretical calculations. The 

ΦPL values of 8% for SFX-CN-Cz and 6% for SFX-CN-tBuCz in aerated toluene solution 

are quite low but in degassed toluene solution the ΦPL values increases about five times 

for both compounds (ΦPL = 32% for SFX-CN-Cz and ΦPL = 20% for SFX-CN-tBuCz). The 

absorption and emission properties of compounds SFX-CN-Cz and SFX-CN-tBuCz are 

also reported in the table 11. 

 

Figure 47. Absorption and emission spectra in different solvent of SFX-CN-Cz and SFX-

CN-tBuCz. λexc = 350 nm. 

 

Table 11. Emission maxima of SFX-CN-Cz and SFX-CN-tBuCz in methylcyclohexane, 

toluene, dichloromethane, tetrahydrofuran and acetonitrile. λexc = 350 nm. 
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The photoluminescence behavior of the two solid-state spiro as doped films in different 

hosts was subsequently investigated.  

With the idea to use these compounds for the development of deep blue OLEDs, it was 

essential to study their behavior physical properties once dispersed in solid host matrix.  

A fundamental host requirement is the ability to generate complete confinement of 

singlet and triplet excitons created by charge recombination, thus avoiding the extinction 

of the triplet states due to the triplet-triplet energy transfer to the host and triplet-triplet 

annihilation. This requirement imposes a severe limitation on the choice of host materials 

for most blue emitters, for which the hosts must have triplet energies around 3.0 eV or 

higher. Another important aspect in the choice of a host is related to the strong CT 

character of the excited state in molecules of this type, which induces local interactions 

between the dipole moment of the excited state of the emitter and the dipole moment of 

the host. In solution, such interactions lead to the observation of the usual bathochromic 

spectral shift observed in CT molecules with increasing solvent polarity. However, a 

similar effect also occurs in the solid state when the emitters (in hosts matrix) are doped 

with relatively high polarity compounds, because these materials also stabilize the 

excited state CT due to local dipolar interactions, and therefore they tend to shift the 

emission peak to longer lengths. While in non-polar host molecules the emission peak 

is not strongly influenced. 

For this reason, a hosts screening was done in order to measure the PLQY of the 

scattered emitters (figure 48). These results are summarized in table 12. For both the 

spiro-compounds SFX-CN-tBuCz and SFX-CN-Cz, the highest PLQY values were 

obtained by using mCP as host, reaching values from 31% to 42% respectively. 
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Figure 48. Molecular structures of screened organic host materials. 

 

Table 12. PLQY values measured under air or under nitrogen for SFX-CN-tBuCz and 

SFX-CN-Cz emitters. 

Neat and mCP films were further investigated through photoluminescence and lifetime 

measurements. As reported in figure 49, the emission profiles of SFX-CN-tBuCz and 

SFX-CN-Cz emitters remained broad and unstructured. On the other hand, analyses 

conducted in mCP films, showed a deep blue emission with λPL of 415 nm for SFX-CN-
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Cz and 428 nm for SFX-CN-tBuCz, which are quite similar to those observed in solution 

(toluene).  

 

 

Figure 49. Excitation and photoluminescence spectra neat and mCP film (left). Decay 

time plot of SFX-CN-tBuCz and SFX-CN-Cz emitters in mCP film (right). 
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Nevertheless, time-resolved photoluminescence measurements in mCP revealed tri-

exponential decay profiles for both emitters. SFX-CN-Cz, SFX-CN-tBuCz had prompt 

lifetimes and no delayed lifetimes were detected. These data are sumarized in Table 13. 

 

Table 13. Values of the maximum emission and lifetimes of the two spiro in mCP film. 

 

 

4.2.5 Electrochemical Properties 

The HOMO and LUMO energy levels of the two spiro molecules were deduced from an 

analysis of the measurements of cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV) obtained in dichloromethane. The CVs and DPVs are shown in 

Figure 50 and the data are summarized in Table 14. 
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Figure 50. CV and DPV in degassed CH2Cl2 with 0.1 m [nBu4N]PF6 as the supporting 

electrolyte and Fc/Fc+ as the internal reference (calibrated vs the Fc/Fc+ redox couple). 

 

Table 14. Electrochemical properties of SFX-CN-Cz and SFX-CN-tBuCz. 
 

A redox wave was observed for the SFX-CN-Cz emitter only after the first oxidation 

event occurred. We attributed this result to the formation of polymeric structures 

involving the positions 3 and 6 of the carbazole moiety upon oxidation. This polymer is 

formed immediately after the first oxidation event. This process is quite common for 

unsubstituted carbazoles and the phenomenon has been sufficiently reported in the 

literature.105 After the first oxidation step, this peak gets bigger and bigger after each 

oxidation cycle, indicating that the amount of polymeric form is increasing on the 

electrode surface. This process is also depicted in figure 51. On the other hand, SFX-

CN-tBuCz compound did not show this peak since the 3 and 6 positions are protected 

with tertbutyl groups. 

. 
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Figure 51. 10 sweeps of cyclic voltammetry of SFX-CN-Cz. 

 

4.2.6 Thermal properties 

Decomposition temperature (Td) is defined as the temperature at which 5% weight loss 

occurs during heating. Spiro compounds are generally characterized by a high Td, 

several spiro compounds have been reported in literature having Td higher than 500°C. 

Figures 52 and 53 show the thermogravimetric curves of the two synthesized spiro, they 

have a high thermal stability. These two emitters in fact have a Td ranging from 506 to 

510°C for SFX-CN-Cz and SFX-CN-tBuCz respectively, similar results were also found 

in other spiro derivatives known in the literature.106 
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Figure 52. SFX-CN-Cz thermogram. 

 

Figura 53. SFX-CN-tBuCz thermogram. 
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4.3 Conclusions 

We successfully synthesized two fluorene-xanthene (SFX)-based spiro-derivatives in 

four steps with a final yield of approximately 22%. These two spiro derivatives exhibit 

several desirable photophysical properties. In fact, both SFX-CN-Cz and SFX-CN-

tBuCz emit in the deep-blue region and have PLQY values of 42 and 31% respectively 

(in mCP films). Furthermore, both molecules have a high thermal stability showing high 

decomposition temperature > 500°C. 

Further studies are undergoing in order to understand their TADF properties and finally, 

test these molecular structures in OLED-prototypes to value their electroluminescence 

performance. 
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Chapter 5: Experimental Section 

 

5.1 General remarks 

Commercially available reagents were purchased from Acros, Aldrich, Alfa-Aesar, TCI 

Europe and used as received. All reactions were monitored by thin-layer 

chromatography (TLC) performed on glass-backed silica gel 60 F254, 0.2 mm plates 

(Merck), and compounds were visualized under UV light (254 nm). 1H and 13C NMR 

spectra were recorded on a Varian 500 MHz and Bruker Avance III HD 600 MHz NMR 

spectrometer at 298 K and were calibrated using trimethylsylane (TMS). Proton chemical 

shifts are expressed in parts per million (ppm, δ scale) and are referred to the residual 

hydrogen in the solvent (CDCl3, 7.27 ppm or DMSO-d6 2.54 ppm). Data are represented 

as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m 

= multiplet and/or multiple resonances, coupling constant (J) in Hertz (Hz). Carbon 

chemical shifts are expressed in parts per million (ppm, δ scale) and are referenced to 

the carbon resonances of the NMR solvent (CDCl3, δ 77.0 ppm or δ DMSO-d6 δ 39.5 

ppm). Deuterated NMR solvents were from Aldrich. High resolution mass spectra were 

recorded on a Thermofisher ESI-MS/MSORBITRAP-ELITE and Velos PRO. The sample 

solutions were infused directly into the ESI source using a programmable syringe pump 

at a flow rate of 5 μL/min. A PerkinElmer STA6000 instrument was used to carry out 

simultaneous TGA under a nitrogen flow of 60 mL min–1. A total of 5 mg of each 

compound was placed in an alumina crucible, and measurements were performed in the 

temperature range of 30–800 °C (heating rate of 10 °C min–1). Standard samples were 

used to calibrate the instrument (temperature accuracy of ±1 °C). Melting points were 

determined in an open capillary on a Büchi melting point apparatus and are uncorrected. 

All the experiments were carried out in duplicate to ensure reproducibility of the 

experimental data. Yields refer to pure isolated materials. 
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5.2 Computational methodology 

All of the calculations were carried out using Gaussian 16 code. The energy calculations 

of the optimized structures were performed within density functional theory (DFT) with 

Becke’s three parameters and the Lee–Yang–Parr’s nonlocal correlation functional 

(B3LYP). The basis sets for C, N, O, and H were 6-311++G(d,p). Analysis of frequencies 

confirms that optimized structures are at a minimum of potential surface, and no 

imaginary frequencies were obtained. Excited singlet and triplet states were calculated 

by performing time dependent DFT (TD-DFT) calculations within the Tamm-Dancoff 

approximation based on the same functional and basis set in vacuum. The molecular 

orbitals were visualized using GaussView 6.0 software.107-110 

 

5.3 Photophysical Characterization 

Diluted optical solutions (10-5 or 10-6 M) were prepared in HPLC grade solvents for 

absorption and emission analysis. The absorption spectra of the molecules show the 

probability of absorption of a photon by a molecule and its variation with wavelength. 

The light intensity, which is a measure of the photon flux of photons in the optical beam, 

decreases through the sample as the photons are absorbed. There is a uniform 

probability of absorption throughout the sample, and the intensity reaching any distance 

x into the sample is given by the Beer-Lambert law. Absorption spectra were recorded 

at room temperature on a Varian Cary 60 spectrophotometer. After photoexcitation, 

molecules can emit light through a transition to the ground state (PL). By PL 

measurements, we radiative emission after the absorption of photons. The choice of the 

wavelength used to excite the sample is based on the analysis of the absorption 

spectrum. Steady-state emission spectra were recorded at 298 K using a Horiba Jobin 

Yvon Fluoromax 3.0 spectrofluorimeter. Samples were excited at 350 nm for steady-
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state measurements. The quantum yield of photoluminescence (PLQY) is defined as the 

ratio of absorbed photons to emitted photons. PLQY in solutions were determined using 

optically dilute method previously reported in the litterature.111 Their emission intensities 

were compared with appropriate references, Rhodamine 6G, whose quantum yield (Φr) 

in ethanol was determined to be 97% using the absolute method.112 The quantum yield, 

ΦPL, were determined by the equation ΦPL = Φr(Ar/As)((Is/Ir)(ns/nr)2, where A stands for 

the absorbance at the excitation wavelength (λexc = 350 nm), I is the integrated area 

under the corrected emission curve and n is the refractive index of the solvent with the 

subscripts “s” and “r” representing sample and reference respectively. An integrating 

sphere was employed for quantum yield measurements for thin film samples.113 Two 

types of solid-state samples were studied: a) spin coated films, b) drop casted films. For 

the fabrication of spin-coated films, solutions with different concentrations were dropped 

onto sapphire or quartz substrates. The substrate and solution were then keept at a 

controlled speed for a fixed time, with controlled acceleration up to the required spinning 

speed. Typical parameters are: Spinning Time = 60 seconds and speed = 500 rpm. This 

method results in uniform films. For drop-cast films, solutions with different 

concentrations were dropped onto substrates and left for a few hours under vacuum to 

dry. The ΦPL of the films were then measured in air and by purging the integrating sphere 

with N2 gas flow. Time-resolved PL measurements of the thin films were carried out 

using the time-correlated single-photon counting technique. The samples were excited 

at 370 nm by a pulsed laser diode (Picoquant, model PLS 370) and were kept in a 

vacuum of < 10−4 mbar.   
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5.4 Electrochemical measurements 

Cyclic voltammetry (CV) was used to identify the HOMO and LUMO energy levels of 

organic compounds. The energy of the LUMO can be approximated by the electron 

affinity, which is the energy required to add an electron to an atom or molecule in the 

gas phase. On the other hand, the energy of the HOMO is approximated by the minimum 

energy required to remove an electron from an atom or molecule. CV and differential 

pulse voltammetry (DPV) analyses were performed on an Electrochemical Analyzer 

potentiostat model 620D from CH Instruments. Samples were prepared as DCM 

solutions. Degassing was done by sparging with DCM-saturated nitrogen gas for 10 

minutes prior to oxidation measurements and bubbling with nitrogen gas for 10 minutes 

prior to reduction measurements. All measurements were performed using 0.1 M tetra-

n-butylammonium hexafluorophosphate, [nBu4N]PF6, in DCM. An Ag/Ag+ electrode was 

used as the reference electrode; a glassy carbon electrode was used as the working 

electrode and a platinum electrode was used as the counter electrode.  

 

5.5 X-Ray crystallography 

Single Crystal X-Ray Diffraction data for Cmr-Cz and Cmr-Pxz were collected at room 

temperature on a Bruker D8 Venture diffractometer equipped with a PHOTON II detector 

using APEX3114 for data collection and processing. The structures were solved with 

ShelXT115 2018/2 and refined with ShelXL116 2018/3 using full matrix least squares min-

imisation on F2. Olex2117 1.3 was used as the graphical interface. 

 

 

 

 



 

120 
 

5.6 General Synthetic Procedures 

The starting materials, Ethyl 6-bromo-2-oxo-2H-chromene-3-carboxylate, ethyl 6,8-di-

bromo-2-oxo-2H-chromene-3-carboxylate and 6-bromo-2-oxo-2H-chromene-3-carboni-

trile were prepared from the corresponding 2-hydroxybenzaldehydes and diethyl malo-

nate (or malonitrile) in the presence of piperidone and acetic acid as described in the 

literature.53-54 

 

Ethyl 7-bromo-2-oxo-2H-chromene-3-carboxylate 1I:  

5-bromo-2-hydroxybenzaldehyde (0.049 mol), diethyl malo-

nate (0.049 mol), piperidine (10 mol %) and acetic acid (4 

drops) were dissolved in ethanol (200 mL) and stirred at 50°C for 16h. The reaction 

mixture was concentrated under vacuum and the obtained crude solid was crystallized 

in methanol yielding 1I in 90% (13.0 g). Pale yellow crystals. Yield 90%. IR (KBr): ν = 

3006, 1734 cm-¹; M.p = 184-186°C; ¹H NMR (500 MHz, CDCl3) δ: 1.41 (t, 3H, J = 7.5 

Hz), 4.42 (q, 2H, J = 7.5Hz), 7.27 (d, 1H, J = 9.0Hz), 7.73-7.78 (m, 2H), 8.42 (s, 1H); ¹³C 

NMR (125 MHz, DMSO-d6) δ: 20.2, 34.3, 109.4, 116.1, 118.3, 119.7, 131.8, 136.2, 

146.6, 153.3, 163.6. HRMS-ESI: calcd for C12H9BrNaO4 (318.9582), found (M-Na+), 

318.9581). 

Synthesis of 6-bromo-3-(methylsulfonyl)-2H-chromen-2-one 2I: 

Piperidine (10 mol%) and CH3COOH (4 drops) were added to a 

solution of 5-bromo-2-hydroxybenzaldehyde (4.0 g, 0.02 mol) and 

ethyl 2-(methylsulfonyl) acetate (3.32g, 0.02 mol) in EtOH (100mL). The mixture was 

stirred at 50°C for 16h and then concentrated under vacuum. The resulting crude solid 

was crystallized in hot MeOH yielding 2I as a crystalline white solid. Yield 75% (4.50g). 

M.p. = 164-169°C. 1H NMR (600 MHz, CDCl3) δ: 8.56 (s, 1H), 7.85 – 7.79 (m, 2H), 7.33 
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(d, J = 8.7 Hz, 1H), 3.34 (s, 3H); 13C NMR (151 MHz, CDCl3): δ = 155.38, 154.07, 146.21, 

138.19, 132.36, 128.80, 118.88, 118.54, 118.28, 41.76. HRMS-ESI: calcd for 

C10H7Br1O4S (324.9146), found (M-Na+, 324.9147). 

 

6-bromo-2-oxo-2H-chromene-3-carbonitrile 3I:  

5-bromo-2-hydroxybenzaldehyde (0.040 mol), malononitrile (0.040 

mol) and Na2CO3 (0.05 M in H2O, 1.0 mL) were stirred at room 

temperature for 16h. HCl (1M, 100 mL) was added and the resulting yellow suspension 

was stirred at 80°C for 5 hours. Once cooled to room temperature, a yellow solid was 

isolated by filtration and washed twice with distilled H2O (2x30 mL) and diethyl ether 

(2x30 mL) yielding 3I in 75% (7.47 g). Yellow solid. M.p. = 167-172°C.1H NMR (600 

MHz, CDCl3) δ: 8.19 (s, 1H), 7.80 (dd, J = 8.9, 2.3 Hz, 1H), 7.75 (d, J = 2.3 Hz, 1H), 7.31 

(d, J = 8.9 Hz, 1H); 13C NMR (151 MHz, CDCl3) δ: 155.78, 153.53, 150.49, 138.29, 

131.45, 119.28, 118.61, 118.54, 113.20, 104.78. 

 

Ethyl 6,7-dibromo-2-oxo-2H-chromene-3-carboxylate 4I: 

3,5-dibromo-2-hydroxybenzaldehyde (0.049 mol), diethyl ma-

lonate (0.049 mol), piperidine (10 mol %) and acetic acid (4 

drops) were dissolved in ethanol (200 mL) and stirred at 50°C 

for 16h. The reaction mixture was concentrated under vacuum and the obtained crude 

solid was crystallized in methanol yielding 4I in 87% (15.9 g). Pale yellow crystals. IR 

(KBr): ν = 3030, 1776 cm-¹. M.p. 231-233°C. ¹H NMR (500 MHz, CDCl3) δ: 1.41 (t, 3H, 

J = 9.0Hz), 4.42 (q, 2H, J = 9.0Hz), 7.69 (d, 1H, J = 3.0Hz), 7.98 (d, 1H, J = 2.0Hz), 8.37 

(s, 1H); ¹³C NMR (125 MHz, CDCl3) δ: 14.2, 61.4, 113.9, 122.7, 123.5, 125.6, 125.6, 
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127.0, 132.6, 151.4, 159.5, 165.0. HRMS-ESI: calcd for C12H8Br2O4 (396.8687), found 

(M-Na, 396.8688). 

 

General procedure for synthesis of mono-arylcumarinic derivatives:  

In a Schlenk, Pd(PPh3)4, (5 mol%) K2CO3 (1.85 mmol, 2.2 equiv) and mono-

bromocumarin (250 mg, 0.84 mmol) were subsequently added under árgon atmosphere. 

The mixture was stirred for twenty minutes under vacuum and then degassed toluene 

(20 mL) was added. Boronic acid (1.1 equiv.) was added in one portion. The new solution 

was further degassed and stirred at 120°C for 12-16h. The reaction mixture was then 

brought to room temperature and filtered on silica (solvent: CH2Cl2 or MeOH). The solu-

tion was concentrated under vacuum obtaining the desired coumarin derivative. If nec-

essary, the solid was recrystallized using EtOAc/n-hexane. 

. 

Ethyl 2-oxo-7-phenyl-2H-chromene-3-carboxylate P1: 

Pd(PPh3)4 (48.5 mg, 5 mol%), K2CO3 (255 mg, 1.85 mmol) 

and 1I (250 mg, 0.84 mmol), phenylboronic acid (112 mg, 

0.92 mmol), toluene (20 mL). Yellow powder, 55% yield (136 mg). M.p. 162-167°C. 1H 

NMR (500 MHz, CDCl3) δ: 8.59 (s, 1H), 7.86 (dt, J = 13.4, 6.8 Hz, 1H), 7.80 (d, J = 1.6 

Hz, 1H), 7.59 (d, J = 7.4 Hz, 2H), 7.50 (t, J = 7.6 Hz, 2H), 7.42 (t, J = 8.7 Hz, 2H), 4.44 

(q, J = 7.1 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ: 165.7, 159.3, 

157.1, 151.2, 141.5, 140.9, 135.9, 131.7, 130.7, 130.1, 129.6, 121.3, 120.7, 119.8, 64.6, 

16.9. HRMS-ESI: calcd for C18H14O4 (317.0789), found (M-Na+, 317.0773). 
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Ethyl 7-(4-methoxyphenyl)-2-oxo-2H-chromene-3-carboxylate P2: 

Pd(PPh3)4 (48.5 mg, 5 mol%), K2CO3 (255 mg, 1.85 

mmol) and 1I (250 mg, 0.84 mmol), 4-methoxyphenyl-

boronic acid (131 mg, 0.92 mmol), toluene (20 mL). 

Yellow solid, 66% yield (179 mg). M.p. = 179-184°C. IR (KBr): ν = 3037, 1775 cm-¹. ¹H 

NMR (500 MHz, CDCl3) δ: 1.41 (t, 3H, J = 7.0Hz), 3.87 (s, 3H), 4.42 (q, 2H, J = 7.0Hz), 

7.01 (d, 2H, J = 9.0Hz), 7.41 (d, 1H, J = 9.0Hz), 7.51 (d, 1H, J = 9.0Hz), 7.72 (d, 1H, J = 

2Hz), 8.57 (s, 1H); 13C NMR (126 MHz, CDCl3) δ: 163.27, 159.89, 154.27, 148.81, 

138.12, 133.07, 131.55, 128.25, 126.98, 118.76, 118.26, 117.25, 114.72, 107.49, 62.16, 

55.57, 14.40. HRMS-ESI: calcd for C19H16O5 (324.0998), found (M-H+, 325.1076).  

 

7-(4-methoxyphenyl)-2-oxo-2H-chromene-3-carbonitrile P6: 

Pd(PPh3)4 (48.5 mg, 5 mol%), K2CO3 (255 mg, 1.85 mmol) 

and 3I (209 mg, 0.84 mmol), 4-methoxyphenylboronic acid 

(131 mg, 0.92 mmol), toluene (20 mL). Yellow solid, 47% 

yield (109 mg).  M.p. = 173-178°C. 1H NMR (500 MHz, CDCl3) δ: 8.30 (s, 1H), 7.88 (dd, 

J = 8.7, 2.2 Hz, 1H), 7.70 (d, J = 2.1 Hz, 1H), 7.53 – 7.47 (m, 2H), 7.45 (d, J = 8.7 Hz, 

1H), 3.87 (s, 3H); 13C NMR (126 MHz, CDCl3) δ: 162.6, 159.0, 156.1, 154.4, 141.5, 

136.6, 133.3, 130.7, 129.1, 120.3, 119.9, 117.3, 116.1, 106.2, 58.0. HRMS-ESI: calcd 

for C17H11NO3 (277.0738), found (M-H+, 278.0807). 
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7-(4-methoxyphenyl)-3-(methylsulfonyl)-2H-chromen-2-one P5: 

Pd(PPh3)4 (48.5 mg, 5 mol%), K2CO3 (255 mg, 1.85 mmol) 

and 2I (253 mg, 0.84 mmol), 4-methoxyphenylboronic acid 

(131 mg, 0.92 mmol), toluene (20 mL). Yellow solid, 54% 

yield (150 mg). M.p. = 183-188°C. 1H NMR (600 MHz, CDCl3) δ: 8.69 (s, 1H), 7.91 (dd, 

J = 8.7, 2.2 Hz, 1H), 7.80 (d, J = 2.1 Hz, 1H), 7.52 (d, J = 8.7 Hz, 2H), 7.48 (d, J = 8.7 

Hz, 1H), 7.03 (d, J = 8.7 Hz, 2H), 3.87 (s, 3H), 3.36 (s, 3H); 13C NMR (151 MHz, CDCl3) 

δ: 160.12, 156.22, 154.29, 147.88, 139.01, 135.32, 134.24, 130.98, 128.32, 127.72, 

117.61, 117.48, 114.84, 55.59, 41.93. HRMS-ESI: calcd for C17H14O5S (330.0561), 

found (M-H+, 331.0630). 

 

Ethyl 6-(6-methoxynaphthalen-2-yl)-2-oxo-2H-chromene-3-carboxylate P4:  

Pd(PPh3)4 (48.5 mg, 5 mol%), K2CO3 (255 mg, 

1.85 mmol) and 1I (209 mg, 0.84 mmol), 6-meth-

oxynaphthalen-2-yl)boronic acid (186 mg, 0.92 

mmol), toluene (20 mL). Yellow solid, 54% yield (169 mg). M.p. = 197-203°C. 1H NMR 

(600 MHz, CDCl3) δ: 8.62 (s, 1H), 7.99 – 7.94 (m, 2H), 7.89 (d, J = 1.8 Hz, 1H), 7.85 (d, 

J = 8.5 Hz, 1H), 7.81 (d, J = 8.9 Hz, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 8.6 Hz, 

1H), 7.21 (dd, J = 8.9, 2.3 Hz, 1H), 7.18 (d, J = 1.9 Hz, 1H), 4.44 (q, J = 7.1 Hz, 2H), 

3.96 (s, 3H), 1.43 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ: 163.25, 158.34, 

156.88, 154.54, 148.84, 138.49, 134.25, 134,13, 133.49, 129.86, 129.23, 127.90, 

127.57, 125.96, 125.56, 119.81, 118.81, 118.36, 117.38, 105.77, 62.19, 55.54, 14.40. 

HRMS-ESI: calcd for C23H18O5 (374.1154), found (M-H+, 375.1216). 
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General procedure for synthesis of bis-arylcumarinic derivatives:  

 

In a Schlenk, Pd(PPh3)4, (5 mol%) K2CO3 (3.70 mmol, 4.4 equiv) and bis-bromocumarin 

(250 mg, 0.66 mmol) were added under argon atmosphere. The mixture was stirred for 

twenty minutes under vacuum and then degassed toluene (20 mL) was added. Boronic 

acid (2.2 equiv) was added to this stirring solution in one portion. The new solution was 

further degassed and stirred at 120 ° C for 12-16 hours. The reaction mixture was then 

brought to room temperature and filtered on silica (solvent: CH2Cl2 or MeOH). The solu-

tion was concentrated under vacuum obtaining the desired coumarin derivative. If nec-

essary, the solid was recrystallized using EtOAc/n-hexane. 

 

Ethyl 2-oxo-6,7-diphenyl-2H-chromene-3-carboxylate P7:  

Pd(PPh3)4 (38.1 mg, 5 mol%), K2CO3 (510 mg, 3.70 mmol) 

and 4I (250 mg, 0.66 mmol), phenylboronic acid (163 mg, 

1.45 mmol), toluene (20 mL). Yellow solid, yield, 46% (142 

mg). M.p. = 199-204°C.1H NMR (500 MHz, CDCl3) δ: 8.61 

(s, 1H), 7.91 (d, J = 2.2 Hz, 1H), 7.77 (d, J = 2.2 Hz, 1H), 7.64 (dd, J = 14.0, 7.4 Hz, 4H), 

7.50 (q, J = 7.4 Hz, 4H), 7.43 (dt, J = 10.9, 7.4 Hz, 2H), 4.43 (q, J = 7.1 Hz, 2H), 1.42 (t, 

J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ: 165.7, 158.9, 154.0, 151.4, 141.5, 140.7, 
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137.7, 137.0, 133.3, 132.1, 131.7, 131.3, 131.0, 130.7, 129.7, 129.2, 121.3, 109.9, 64.6, 

16.8. HRMS-ESI: calcd for C24H18O4 (370.1205), found (M-H+, 371.1289). 

 

 

Ethyl 6,7-bis(4-methoxyphenyl)-2-oxo-2H-chromene-3-carboxylate P8:  

Pd(PPh3)4 (38.1 mg, 5 mol%), K2CO3 (510 mg, 3.70 

mmol) and 4I (250 mg, 0.66 mmol), 4-methoxyphenyl-

boronic acid (206 mg, 1.45 mmol), toluene (20 mL). 

Yellow solid, yield, 58% (165 mg). M.p. = 241-246°C. 

IR (KBr): ν = 3039, 1777 cm-¹. 1H NMR (500 MHz, CDCl3) δ: 8.58 (s, 1H), 7.83 (d, J = 

2.2 Hz, 1H), 7.66 (d, J = 2.1 Hz, 1H), 7.59 (d, J = 8.7 Hz, 2H), 7.54 (d, J = 8.7 Hz, 2H), 

7.01 (t, J = 8.1 Hz, 4H), 4.42 (q, J = 7.1 Hz, 2H), 3.87 (d, J = 3.3 Hz, 6H), 1.41 (t, J = 7.1 

Hz, 3H); 13C NMR (126 MHz, CDCl3) δ: 163.27, 159.86, 159.85, 156.57, 151.05, 149.13, 

137.83, 133.80, 131.54, 130.79, 130.30, 128.23, 127.55, 125.69, 118.76, 118.51, 

116.15, 114.91, 114.67, 114.26, 62.06, 55.53, 55.49, 14.34. HRMS-ESI: calcd for 

C19H16O5 (430.1416), found (M-H+, 430.1417).  

 

 

General procedure for synthesis of 6-functionalized cumarin derivatives: 
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I1 (0.120 g, 0.4 mmol, 1 equiv.), Carbazole (0.066 g, 0.4 mmol, 1 equiv.), Pd2(dba)3 

(0.006 g, 0.01 mmol, 0.06 equiv.), Cs2CO3 (0.390 g, 1.2 mmol, 3 equiv.) and XPhox 

(0.005 g, 0.006 mmol, 0.006 equiv.) has been dried under vacuum for 20 minutes. Then 

Xylene (6 mL) has been added and the so obtained reaction solution was stirred at 120 

ºC overnight. The mixture was diluted with chloroform and washed with water. The or-

ganic layer was separated and dried over anhydrous Na2SO4. After vacuum concentra-

tion, the residue was absorbed onto silica gel and purified by flash column chromatog-

raphy on silica gel using ethyl acetate/petroleum ether (1:9) as eluent to afford the clean 

product. 

 

 

Ethyl 6-(9H-carbazol-9-yl)-2-oxo-2H-chromene-3-carboxylate – Cmr-Cz 

Yield:40%. 1H NMR (600 MHz, CDCl3): δ = 1H NMR (600 

MHz, CDCl3) δ 8.55 (s, 1H), 8.16 (d, J = 7.7 Hz, 2H), 7.87 – 

7.80 (m, 2H), 7.60 (d, J = 8.7 Hz, 1H), 7.46 – 7.40 (m, 2H), 

7.38 – 7.29 (m, 4H), 4.44 (q, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H).¹³C NMR (125 MHz, 

CDCl3): δ = 162.88, 156.38, 153.95, 147.73, 140.82, 134.66, 133.22, 127.49, 126.43, 

123.72, 120.74, 119.57, 119.13, 118.72, 109.35, 62.36, 14.36. HRMS-ESI: calcd for 

C24H17NO4 (383.1157), found (M-Na+, 406.1040). M.p. 169-172°C. 

 

 

Ethyl 2-oxo-6-(10H-phenoxazin-10-yl)-2H-chromene-3-carboxylate – Cmr-Pox 

I1 (0.120 g, 0.4 mmol, 1 equiv.), Phenoxazine (0.073 g, 0.4 

mmol, 1 equiv.), Pd2(dba)3 (0.006 g, 0.01 mmol, 0.06 equiv.), 

Cs2CO3 (0.390 g, 1.2 mmol, 3 equiv.) and XPhox (0.005 g, 

0.006 mmol, 0.006 equiv.) Yield:25%. 1H NMR (600 MHz, CDCl3): δ = 8.50 (s, 1H), 7.67 
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– 7.62 (m, 2H), 7.59 (d, J = 8.6 Hz, 1H), 6.71 (dtd, J = 9.2, 7.9, 1.5 Hz, 4H), 6.63 – 6.58 

(m, 2H), 5.88 (dd, J = 8.0, 1.3 Hz, 2H), 4.43 (q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 

3H).¹³C NMR (125 MHz, CDCl3): δ = 162.82, 156.27, 154.68, 147.50, 144.08, 137.41, 

135.91, 133.97, 132.27, 123.50, 122.22, 120.14, 119.24, 116.01, 113.25, 62.38, 14.36.  

 

 

 

Ethyl 2-oxo-6-(10H-phenothiazin-10-yl)-2H-chromene-3-carboxylate – Cmr-Ptz 

I1 (0.120 g, 0.4 mmol, 1 equiv.), Phenothiazine (0.079 g, 0.4 

mmol, 1 equiv.), Pd2(dba)3 (0.006 g, 0.01 mmol, 0.06 equiv.), 

Cs2CO3 (0.390 g, 1.2 mmol, 3 equiv.) and XPhox (0.005 g, 

0.006 mmol, 0.006 equiv.) Yield:30%. 1H NMR (600 MHz, CDCl3): δ = 8.49 (s, 1H), 7.68 

– 7.61 (m, 2H), 7.55 (d, J = 8.7 Hz, 1H), 7.11 (dd, J = 7.2, 1.9 Hz, 2H), 6.95 – 6.87 (m, 

4H), 6.29 (dd, J = 7.9, 1.5 Hz, 2H), 4.43 (q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H). ¹³C 

NMR (125 MHz, CDCl3): δ = 162.90, 156.41, 147.77, 143.72, 138.45, 135.97, 130.05, 

127.45, 127.19, 123.60, 122.40, 119.81, 119.24, 117.28, 62.33, 14.36. HRMS-ESI: calcd 

for C24H17NO4S (415.0878), found (M-H+, 415.0868).  

 

Synthesis of 4,4'-(spiro[fluorene-9,9'-xanthene]-2,7-diyl)dibenzonitrile; SFX-CN: 

    

To a mixture of 2,7-dibromo-9,9’-spirobifluorene (500 mg, 1.02 mmol, 1 equiv.) and 4-

cyanophenylboronic acid (527 mg, 3.59 mmol, 3.5 equiv.), Pd(PPh3)4 (59 mg, 0.05 mol, 

0.05 equiv.) was added in nitrogen atmosphere. THF (15 mL) and 5M K2CO3 (5 mL) 
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aqueous solution was added into the mixture and heated to 80 °C with continuous stirring 

for 24 h under the protection of nitrogen. After cooling to room temperature, the organic 

layer was separated, and the aqueous layer was extracted with dichloromethane. The 

combined organic layer was washed three times with 10 mL of water and, brine, and 

dried over sodium sulfate. The solvent was removed under reduced pressure. The solid 

was placed on DCVC column and eluted with Hexane first and then Hexane/EtOAc 5/1, 

starting with pure Hexane. Through the procedure 425 mg of white solid were obtained. 

The solid was white. Yield: 77 %. 1H NMR (400 MHz, CD2Cl2) δ ppm: 8.03 (d, J = 8.0 

Hz, 1H), 7.71 (ddd, J = 28.4, 14.0, 5.1 Hz, 5H), 7.46 (d, J = 1.3 Hz, 1H), 7.29 (dtd, J = 

9.7, 8.2, 1.4 Hz, 2H), 6.91 – 6.81 (m, 1H), 6.53 (dd, J = 7.9, 1.3 Hz, 1H. 13C NMR (126 

MHz, CD2Cl2) δ ppm): 156.46, 151.39, 144.90, 139.73, 139.52, 132.53, 128.55, 127.78, 

127.57, 127.40, 124.32, 124.08, 123.45, 121.10, 118.78, 117.02, 110.95, 54.50. HR-MS 

(Xevo G2-XS QTof) [M+H]+Calculated: (C39H22N2O) 534.1732; found (M-Na+, 

557.1616). 

 

Synthesis of 4,4'-(2',7'-diiodospiro[fluorene-9,9'-xanthene]-2,7-diyl)dibenzonitrile; 

SFX-CN-I: 

    

SFX-CN (600 mg, 1.12 mmol, 1 equiv.) and N-Iodosuccinimide (556 mg, 2.47 mmol, 2.2 

equiv.) were dissolved in 21 mL of TFA and 20 mL of Chloroform and the reaction stirred 

at 50°C overnight. After that, TLC analysies indicated the complete consumption of no 

starting material. The reaction mixture and it was poured into water and extracted with 

DCM. The organic phase was dried over magnesium sulfate, filtrated and concentrated 
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on rotavapor under reduced pressure. The solid obtained was washed with ethyl acetate 

and filtered. The solid was placed on DCVC column and eluted with Hexane first and 

then Hexane/EtOAc 5/1The solid wasd pPlaced on DCVC column and eluted with 

Hexane/EtOAc 5/1, starting with pure Hexane. Through the procedure 710 mg of white 

solid were obtained. The solid was white. Yield 80%. 1H NMR (400 MHz, CDCl3) δ ppm: 

7.98 (d, J = 8.0 Hz, 1H), 7.70 (ddd, J = 26.5, 15.3, 5.1 Hz, 5H), 7.54 (dd, J = 8.7, 2.1 Hz, 

1H), 7.35 (d, J = 1.2 Hz, 1H), 7.04 (d, J = 8.7 Hz, 1H), 6.70 (d, J = 2.1 Hz, 1H. 13C NMR 

(101 MHz, CDCl3) δ ppm): 155.38, 150.75, 144.87, 140.13, 139.24, 137.77, 136.23, 

132.59, 128.06, 127.8, 126.28, 124.31, 121.44, 119.40, 118.86, 111.13, 86.55, 53.69. 

 

General procedure for Buchwald-Hartwig Cross Coupling Reaction: 

  

SFX-CN-I (800 mg, 1.02 mmol, 1 equiv.), carbazole derivative (3 equiv.) and t-BuONa 

(489 mg, 5.09 mmol, 5 equiv.) were added to 42 mL dry toluene in three-necked flask. 

The system was purged with nitrogen several times, and then Pd2(dba)3 (90 mg, 0.1 

mmol, 0.1 equiv.) and [(t-Bu)3PH]BF4 (110 mg, 0.4 mmol, 0.4 equiv.) were put into added 

to the reaction mixture, which was then stirred at solution under 110 °C for 48 h under 

nitrogen the protection of nitrogen. After that, TLC analysies indicated the complete 

consumpotion of no starting material. The reaction mixture and it was poured into water 

and extracted with DCM. The organic phase was dried over magnesium sulfate, filtrated 

and concentrated on rotavapor under reduced pressure. The solid obtained was washed 
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with ethyl acetate and filtered. The solid was placed on DCVC column and eluted with 

pentane and then pentane/DCM 1/1, starting with pure Pentane. 

 

4,4'-(2',7'-di(9H-carbazol-9-yl)spiro[fluorene-9,9'-xanthene]-2,7-diyl)dibenzonitrile; 

SFX-CN-Cz: 

Through the procedure 260 mg of white solid were obtained. 

White solid. Yield: 30%. Mp: 379 °C. 1H NMR (500 MHz, 

CDCl3) δ ppm: 8.06 (d, J = 7.5 Hz, 2H), 7.83 (d, J = 8.0 Hz, 

1H), 7.80 – 7.58 (m, 7H), 7.55 (dd, J = 8.7, 2.4 Hz, 1H), 7.19 (ddd, J = 15.3, 14.2, 7.1 

Hz, 4H), 7.10 (d, J = 7.9 Hz, 2H), 6.78 (d, J = 2.4 Hz, 1H). 13C NMR (126 MHz, CDCl3) 

δ ppm): 155.73, 150.07, 145.13, 140.25, 139.33, 133.20, 132.71, 128.02, 127.78, 

127.08, 126.32, 125.76, 125.21, 124.14, 123.22, 121.57, 120.38, 120.02, 118.83, 

111.25, 109.26, 54.70. HR-MS (Xevo G2-XS QTof) [M+H]+Calculated: (C63H36N4O) 

865.2967; found (M-H+, 865.2906. Anal. Calcd. (C63H36N4O): C, 87.48; H, 4.19; N, 6.48. 

Found: C, 87.98; H, 3.79; N, 6.47. 

      

 

4,4'-(2',7'-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)spiro[fluorene-9,9'-xanthene]-2,7-

diyl)dibenzonitrile; SFX-CN-tBuCz: 

Through the procedure 390 mg of white solid were obtained. 

White solid. Yield: 35%. Mp > 400 °C. 1H NMR (300 MHz, 

CDCl3) δ ppm): 7.94 (d, 2H), 7.79 – 7.29 (m, 9H), 7.11 (dd, 

2H), 6.91 (d, 2H), 6.66 (d, 1H), 1.31 (s, 17H). 13C NMR (101 

MHz, CDCl3) δ ppm): 155.57, 149.94, 145.24, 142.93, 140.10, 139.37, 138.78, 133.66, 
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132.65, 127.90, 126.83, 125.85, 125.32, 124.12, 123.28, 121.61, 118.78, 116.33, 

111.19, 108.68, 54.82, 34.67, 31.95. HR-MS (Xevo G2-XS QTof) [M+H]+ Calculated: 

(C79H68N4O) 1089.5393; Found: 1089.5397. Anal. Calcd. (C79H68N4O): C, 87.10; H, 

6.29; N, 5.14. Found: C, 86.25; H, 6.2 0; N, 4.99. 
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5.7 1H and 13C NMR spectra 
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