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Chapter 1

Introduction

Interaction between light and matter is an unconscious every day experience. Both pho-
tochemical and photophysical processes are strictly related to the birth and development
of humankind and life on our planet: the former allowed and guarantee the proliferation
of life on Earth by activation of life-based biochemical pathways (such as photosynthe-
sis) producing molecular oxygen and the growing of each form of life. The latter is related
with everything we can see ranging from surrounding objects to the beautiful of artworks.1

Starting from ancient rock painting till modern art, mankind has always been fascinated
by the richness of colors.

Photoluminescence is a well-known phenomenon since the Medieval Age and the firsts
attempts to its rationalization have been performed by Eilahard Wiedemann who ascribed
to a dissociative behavior the temperature-independent luminescence phenomena displayed
by some compounds.2 Along the centuries, a wide range of alchemists and, later on,
scientists have tried to elucidate mechanisms involved in luminescent emission.

Photochemistry emerged from its empirical stage when modern physics established
that light is radiated in discrete quanta, called photons, with an energy proportional to
the frequency of the light, and that absorption corresponds to the capture of a photon by
an atom or a molecule. With this concept in mind, Johannes Stark and Albert Einstein
between 1908 and 1913 independently formulated the photoequivalence law that essentially
states that there should be a 1 : 1 equivalence between the number of molecules decomposed
and the number of photons absorbed.1 In few years were posed the basic concepts for
photochemistry (firstly) and photophysics (after) displaying an ever growing interest from
scientific and technological communities for this kind of phenomena. It became clear that
photochemistry (a term that commonly is taken to include photophysics) is really a distinct
and separate part of chemistry because it does not concern the ground state of molecules,
but concerns novel species: the electronically excited states.1

1.1 Aggregation Induced Emission

Usually, fluorophores are affected by Aggregation Caused Quenching (ACQ), a well-known
physical effect for which the dye emission is progressively quenched or completely switched
off on going from diluted solutions to highly concentrated ones or in solids. This effect is
quite common for most aromatic hydrocarbons3 and their derivatives that, in the classical
consideration, ”form aggregates”4–9 characterized by poorly or non-emissive behavior.

A prototypical example of an ACQ dye is fluorescein (See Figure 1.1 Left). This chro-
mophore displays a bright green emission in water solution which is gradually weakened
by the progressive addition of acetone. Once the acetone fraction reaches 50-60%, emis-
sion is attenuated. At 70-80 % acetone content, the emission is almost completely turned
off. Interpretation of this behavior has been found in fluorescein low solubility in the
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non-solvent (acetone) which causes a progressive increase of the local concentration and
aggregation of the chromophore. The planar polycyclic aromatic structure of fluorescein
makes the molecules prone to π-π stacking interactions leading to the formation of detri-
mental species, such as excimers, responsible for the observed ACQ.

The ACQ phenomenon has limited the applications of the numerous luminophores
identified through dilute solution-screening in research laboratories.10–17 In particular,
luminophores are used as sensor to detect bioactive molecules in physiological media or as
probe to monitor ionic species in ecological systems.11 Although polar functionalities can
be introduced into hydrophobic chromophores (polycyclic aromatic hydrocarbons, PAH)
to increase their polarity, and so their water solubility, the introduction can only delay
or partially mitigate the aggregation process. Overall, the greatest ACQ-produced limit
is the forbidding of solid state application such as OLED or other optoelectronic solid
devices in which chromophores must be employed into aggregate or solid state.10,11,18

Figure 1.1: Pictures of fluorescein (Left) and HPS (Right) with different non-solvents
amount. Reproduced with permission from Ref.19 © 2014 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim

As elucidated before, ACQ is a harmful effect even for solid practical applications
and almost ubiquitously observed for common chromophores. For a long time researchers
have tried to avoid the formation of aggregates and the related ACQ effect through various
chemical, physical and engineering approaches (i.e. adding to the emissive core bulky cyclic,
spiral kinks and dendritic wedges.19–23 The results of these efforts have been frequently
unsatisfactory resulting in new problems. In fact, most of the times, aggregation can be
only temporarily prevented since it is a natural process for molecules in closed proximity.

In 2001, an opposite behaviour, the Aggregation-Induced Emission (AIE) effect, was
pointed out by Tang and co-workers.20 AIE featured systems are molecules with propeller-
shaped structures which are poorly or non-emissive in diluted solutions but become highly
emitting by forcing aggregation (in highly concentrated solution or as solids). The very
first example of chromophore displaying AIE behaviour (AIEgen) was hexaphenylsilole
(HPS, see Figure 1.1 Right). THF dilute solutions of HPS display no emission while
increasing the water (non-solvent) fraction up to 80% a fluorescent emission appears and
it becomes highly intense at 90% of water fraction due to water induced aggregation.
AIE represents a new starting point for scientists in the study of photophysical properties
and some new strategies have been developed to realize even more performing AIEgens.
Moreover, AIE, oppositely to ACQ, is a constructive effect and allows to take advantage
of the aggregation process instead of working against it. The great work done along the
last decades has brought to a better comprehension of the mechanism behind AIE, to the
design of many new AIEgens and to the exploration of their technological applications.
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1.1.1 Mechanism

The understanding of AIE has been crucial in order to guide the molecular engineering
effort in the Right direction. Actually, more than one mechanism is responsible for this
process, the most common being:

1. Restriction of Intramolecular Motion (RIM)24

2. J- and H-Aggregate Formation (J-/H-AF)3

3. Excited-State Intramolecular Proton Transfer (ESIPT)25

4. Twisted Intramolecular Charge Transfer (TICT)22,26

RIM

Molecular motions ruled the largest part of natural processes, ranging from the forma-
tion and annhilation of astronomical objects to the basis process involved into microbes
life.26 Each system, above 0 K, extensively experiences effects of vibrations and motions
of the constituting particles. Each movement, including molecular vibrations and rota-
tions, consumes energy and, therefore, it can be detrimental for the emission. In HPS, the
six peripheral phenyl rings are free to rotate independently from the central silole core.
Similarly, in tetraphenylethene (TPE, see Figure 1.2 Top) the four phenyl rings have
the same rotational and twisting freedom. An ideally isolated molecule of TPE, i.e. in
a diluted solution, can dissipate the excess of energy non-radiatively through molecular
motion. On the contrary, the aggregation induced physical constriction of TPE molecules
causes the restriction of the intramolecular rotation (RIR, see Figure 1.2 Bottom) blocking
radiationless relaxation channels and allowing radiative decays to the ground state. Con-
trol experiments on HPS have demonstrated that by applying external motion restriction,
such as increasing solvent viscosity, decreasing solution temperature and pressurizing solid
films, the chromophore emission is enhanced indicating RIR as the main cause of AIE of
this molecule.25,27

Figure 1.2: Schematic representation of the AIE effect on TPE and THBA. Reproduced
with permission from Ref.19 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

RIM is certainly the most common mechanism, but not the only, involved in AIE.
Some AIEgens, such 10,10′,11,11′-tetrahydro-5,5′-bidibenzo[a,d ][7]annulenylidene (THBA,
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see Figure 1.2), do not present any swivel elements that can rotatory dissipate the energy
excess therefore its AIE behavior must be originated from other mechanism.28 THBA
molecule is composed by two non-coplanar mobile part in which the two moieties are con-
nected by a bendable and flexible bond. This flexibility allows isolated THBA molecules
to bend or vibrate dissipating excited-state energy by radiationless pathways. Again, phys-
ical constrains associated with aggregation restrict molecular vibrations (RIV) leading to
the activation of radiative decay channel. RIR or RIV have been indicated as the main
causes of the AIE behaviour for propeller-shaped or shell-shaped molecules, respectively.

Further studies on TPE-based AIEgens revealed that the central tetrasubstitued alken-
ish bond, prone to photo-induced E -Z isomerization (EZI), can non-radiatively annihi-
late the excited states.29–33 In order to clarify which mechanism prevails in the emission
quenching of diluted solution, Tang and co-workers investigated BPHTATPE (Scheme
1.1), whose E/Z isomers are separable and discernible through 1H NMR analyses.34

Scheme 1.1: Stereoisomers of a TPE derivative (BPHTATPE).

The irradiation of (E)-BPHTATPE with a high power UV lamp (1.10 mW/cm2)
causes a linear increase of the Z isomer up to 35% in the first 50 minute irradiation and,
successively, to 50% in 150 minutes. By using a much lower power lamp (52 µW/cm2),
such as that normally used in photoluminescence experiments, and exciting the sample at
322 nm for 30 min, no appreciable changes are observed in the 1H NMR spectra suggest-
ing that the EZI process has not occurred. Therefore, it is expected that, in conditions
ordinarily used in photoluminescence (PL) experiments, the alkene double bond of TPE-
based AIEgens cannot be broken and EZI is not a competitive process in the non-radiative
deactivation observed in solution where the quenching effect is mostly ascribable to the
active rotation of the phenyl rings.

Studies on TPE-2O, in which the rotation of the four phenyl rings is blocked by
etheric bonds, confirmed that RIM plays a central role in AIE emission (Figure 1.3). In-
deed, TPE-2O displays the same emissive profile both in dilute solution and in aggregate
form suggesting that, even if it cannot be ascribed as ”pure” AIE emitter (due to the
lacking of dilute solution dark state), constriction of rotation represents an easy way to
get AIEgens.34

Figure 1.3: TPE-2O structure and pictures under the UV lamp of its solution (Left) and
crystal (Right). Reproduced with permission from Ref.19 © 2014 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim
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In theory, any molecule with proper structure can undergo RIR but not every of them
will show AIE behavior. To explain this, Tang proposed the following arguments.22 An eli-
gible AIEgen molecule should have at least a rotatable bond through which non-radiatively
dissipate the excited state energy in solution. This situation can be conveniently repre-
sented by two units, A and B, linked through a single bond (see Figure 1.4 left). In Figure
1.4 Left Top, θr defines the structural flexibility of the molecule while Ψ r describes the
conformational planarity. In most of the ACQ moieties the two units A and B are arranged
in a planar conformation with Ψ r ≈ 0◦ in order to maximize the electronic conjugation and
minimize the potential energy. The extension of the π-conjugation endows the connecting
single bond of a pseudo-double-bond character with partial hindering of intermolecular
rotation. The two chromophoric units could still swing to a small extend (θr) but this
low-frequency motion is insufficient to quench the emission, on the contrary the small
reorganization energy due to the rigidification of the system promote the luminescent pro-
cess in the solution state. In contrast, A’ and B’ (Figure 1.4 Left Bottom) experiment a
larger dihedral angle Ψr‘ in a AIEgen prototype molecule, with a lower overlap between
the π-electron clouds and so a weaker conjugation posing a limited restrain to the in-
tramolecular rotations. The low-frequency energy leads to a shallower potential energy
surface, meaning that there exists a little energy barrier to a conformational change. The
amount of energy dissipated through twisting becomes greater because θr can now vary in
a wider range weakening the emission of the isolated chromophore in solution. According
to this model the luminescent behavior of a molecule could be predicted from Ψr and θr
which describe the planarity of the molecule and the rotatability of the units, respectively.

Figure 1.4: Illustration of the RIR (Left) and RIV (Right) mechanism.

The model previously discussed is valid for TPE-based chromophores but it cannot
be extended to all AIE luminogens (i.e. THBA) which do not possess any single and
rotatable bond which can justify a RIR mechanism. For this class of molecules, another
model must be taken into consideration to explain the quenching of the emission detected
in diluted solution of these luminophores. The second model, proposed by Tang and re-
ported in Figure 1.4 Right, graphically illustrates how the AIE process depends on the
molecular flexibility and the vibrational amplitude of molecules. In this case, the proto-
typical molecule is composed by two units, C and D, bound by an aromatic or alicyclic
ring. Here, Ψv and θV define the dihedral angle between the two units and the extend of
intramolecular vibration, defining the conformational planarity and the structural stiffness
of the molecules. As in the previous case, the planar conformation (Ψv ≈ 180◦) is associ-
ated to a strong π-conjugation between units, that can still oscillate in a small amplitude
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(θv) which is insufficient to prevent the radiative decay in diluted solutions. The conforma-
tional stiffness generates a small overall reorganization energy for the molecules and thus
solutions are emissive while the aggregation can promote the instauration of strong π-π
stacking interactions causing the formation of deleterious species. On the other side, if the
two units, C’ and D’, are not coplanar due to the non-planarity of the inter-chromophore
junction (Ψv‘ < 180◦) the overlap between the π-electron clouds decreases. As in the pre-
vious case, these are the perfect conditions to observe a large vibrational amplitude (θv)
that better dissipates the energy reducing the emissive intensity in solution.

J- and H-Aggregate Formation (J- or H-AF)

An organic, flat and aromatic chromophore is involved in strong π-π stacking interactions
in both highly concentrated solution and the solid phase resulting in dimers or larger
aggregates. By analyzing the dihedral angle formed by the vector that connect the two
molecular centroids with the molecular plane (θ, Figure 1.5 Left), it is possible to define
two types of aggregates: J- (with θ < 54.7◦) and H-Aggregates (with 54.7◦ < θ < 90◦).

Figure 1.5: Left: schematization of J- or H-Aggregates. Right: modified Jablonsky diagram
for a generic aggregate compound

To better understand the role of aggregation on emission for AIEgens, it is useful
to dwell on the exciton model proposed by Kasha for the description of this mechanism.
Assuming that the exciton model can be approximated with a quasi-classical vector model,
therefore, it has to consider the transition moment dipoles by an electrostatically point
of view (Figure 1.5 Left). In this way, the molecules will be figured out by an oval with
a double arrow µA/B representing the polarization axis for the electronic transition. The

two components of the dimer are separated by R vector.35

In a J-aggregate, typically, the transition dipoles are oriented without any overlap
between adjacent molecules (head-to-tail style, see Figure 1.5 Rright). In a J-dimer the
Frenkel exciton model easily predicts the bathochromic shifting of absorption and emission
only considering electrostatic interaction providing the split of the excited state due to the
instauration of Coulombian forces.36 In particular, the in-phase (E’ → G) transition will be
stabilized while the out-of-phase (E” → G) one will be destabilized. The oscillator strength
for the transition G → E’ will be 2f while for G → E” will be virtually null, thus, the direct
population of E” is theoretically prohibited. H-aggregates behave in the opposite way:
molecules retain the side-by-side orientation establishing positive Coulombic coupling. In
H-aggregates, there is likely rapid intraband relaxation subsequent to absorption, leading
to efficient population of the lowest energy state. Because the state is characterized by
the out-of-phase alignment of transition dipoles, it has no direct radiative coupling to the
ground state.35
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The Coulomb-induced energetic shifts lead to predictable changes in the absorption
spectrum: in J-aggregates, the main absorption peak is red-shifted compared to the monomer,
whereas in H-aggregates, the absorption peak is blue-shifted.36

Usually, J-aggregated dyes show bathocromic shift, an increase of the absorption co-
efficient and in some cases a red-shift and an enhancement of the emission with respect
to their diluted solution showing AIE or at least Aggregation Enhanced Emission (AEE)
effects.37,38 H-Aggregates display opposite trend: by stabilizing the upper dimer excited
energy state, they show a hyperchromic emission with respect to their dilute solution.
Differently from AIE RIM-induced dyes, J- or H-AF dyes could be emissive already as
isolated molecules because there is no radiationless mechanism able to deactivate the ex-
cited state through thermal processes. At the same time, the enhancement of the emission
intensity in the aggregate or solid state is not always observed.

Scheme 1.2: Chemical Molecular structures of PBI, 9,10-MADSA and 9,10-PADSA.

For example, the perylene bisimide derivative PBI (Scheme 1.2) forms J-aggregates in
appropriated condition. In particular, in methylcyclohexane (MCH) the sharper absorption
band and the bathochromic shift measured in comparison with dichloromethane diluted
solution clearly indicates J-aggregates formation in the non-polar solvent. However, diluted
solutions of PBI in polar solvents display intense fluorescent emission with 100% quantum
yield while in MCH, where J-aggregates are formed, is 82% and further decreases to 20%
after gelification. In synthesis, the J-AF in this case does not play a constructive role but
in opposition the effect seems to make the PBI an ACQ active species.39

Curiously, both 9,10-Bis(p-dimethylaminostyryl)anthracene (9,10-MADSA) and 9,10-
Bis(p-dipropylaminostyryl)anthracene (9,10-PADSA) (Scheme 1.2) display AIE effects
but only 9,10-MADSA forms J-aggregates. These two dyes share the same chemical
structure with only small differences and it is obvious that the AIE mechanism should
be the same, involving restriction of rotation around the connecting single bonds in the
solid state.40 On the opposite way, cyclic triimidazole41 is an example of H-AF induced
emission as will be widely explained in the following chapters.

In summary, a direct correlation between J- or H-AF and AIE cannot be drawn because
rigid molecules displaying J-AF could still undergo quenching effects due to strong π-π
interactions in the aggregate state. More flexible J- or H-AF dyes can surely display AIE
but this effect has to be associated to the RIM more than to J-/H-AF, which can only
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partially cooperate in the rigidification of the solid state structure but it does not provide
the necessary mechanism for solution quenching.

ESPIT

The extremely fast photoinduced Excited-State Intermolecular Proton Transfer (ESIPT)
process has been extensively studied due to the great appeal of molecules displaying this
behavior as functional materials.42 These dyes are stable as enol (E) in the ground state
and as keton (K) in the excited state, in fact, when an ESPITgen is excited, a four-level
E −→ E∗ −→ K∗ −→ K cycle occurs. This process is accompanied by a large Stokes
shift without self-absorption. Even if some ESIPT chromophores have enhanced emission
in the aggregate form this process alone cannot fully explain the observed AIE.

Figure 1.6: Conformational changes in the SaIHBP conformation and relative fluorescent
emission (methanol molecules are represented in green). Modified with permission from
Ref.19 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

An exemplificative EISPT compound is SaIHBP (see Figure 1.6) in which the pro-
ton transfer is strongly affected by the nature of the solvent.43 In methyltetrahydrofuran
(MeTHF) two weak emissions are observed from the enol and keto forms that are in equi-
librium. In this case the tautomers display different conformations undergoing structural
changes through rotation around the single bonds resulting into quenching the radiative
decays. In a protonic solvent, such as methanol, the enolic tautomer is much more stabilized
than the keto form as also reported in emission spectra where enolic emission completely
covers the keto one. The intramolecular H-bonding is here substituted by the formation
of H-bonds with the solvent that leads to a partial restriction of the intramolecular rota-
tion thus the emission is not efficiently quenched. In methylcyclohexane (MCH), where no
interaction between the solvent and the dye is possible, the ESPIT process is fully active,
thus only the keto emission is visible but most of the energy is dissipated through active
rotation. Regardless the ESIPT process, by lowering the temperature to 140 K all the
solutions show enhanced emission. This means that the viscosity plays a significant role
in the rigidification of the environment and hinders the radiationless decays leading to a
large increase of the emission.

Differently form SaIHBP the modified salicylaldehyde azine, MSAA (see Figure
1.7), displays a greater structural flexibility but, at the same time, it is still affected by
ESIPT.44 This feature gives to MSAA a larger AIE effect: ethanol solutions of MSAA
presents single bond C-C and N-N rotations as active fluorescence quenchers. To activate
the emission it is necessary to add water up to 90% to lock these free rotations. In this
case, rather than being the main mechanism behind the AIE behaviour, ESIPT works as
a tuner of the emission in the crystalline states, by changing the emissions wavelength in
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the two polymorphs.
As in the case of J-/H-AF, ESIPT could have a role in the enhancement and tuning

of the aggregate emission but it has always to work cooperatively with RIM to result in
an AIEgen.

Figure 1.7: Structure of MSAA and pictures of its solution, aggregates and crystals.
Reproduced with permission from Ref.44 © 2013 American Chemical Society

TICT

For systems with donor-acceptor (D-A) structure the AIE process can be enhanced or
activated by the formation of a “dark state” with Twisted Intramolecular Charge Transfer
(TICT) character in solutions while aggregation inhibits the transformation of locally
excited states (LE) into TICT states.45,46 However, it is worth to be noted that TICT
mechanism can provide a solid explanation for AIE only in specific solvent condition.

Figure 1.8: PCNDSB chemical structure and rotatable bonds. Pictures of different PC-
NDSB (solutions and crystals). Reproduced with permission from Ref.46 © 2011 Elsevier
B.V. All rights reserved.

1,4-bis[1-cyano-2-(4-(diphenylamino)phenyl)vinyl]benzene (PCNDSB, see Figure 1.8)
comprises two D-A subunits and displays remarkable solvatochromic effect with bathochromic
shifting of the emission from green (510 nm) to red (667 nm) on going from apolar (hex-
ane) to highly polar (DMF) solvents. In the apolar solvent the planar conformation of
PCNDSB is stabilized by the conjugation between the units giving rise to a sharp fluo-
rescent band from a locally excited (LE) state. In a polar solvent the two units are twisted
and the LE state is transformed in a TICT state with complete charge separation between
D and A. The TICT state is much more susceptible to quenching and, with a quantum
yield equal to 31% for the solid state (610 nm), this material clearly manifests AIE activ-
ity. The TICT inhibition can effectively explain the quenching in DMF solution but the
fluorescent emission in hexane and the strong red-shifted emission of crystals can hardly
be fully explained only considering the TICT.46,47

Differently, aggregation studies on modified boron dipyrromethene (MBODIPY, see
Figure 1.9) carried out in THF/water mixtures showed that a small water addition to a
THF solution of MBODIPY produces a strong quench and a red-shift of the emission due
to the increasing of the solvent polarity promoting a TICT state. However, larger additions
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of water revitalize the emission that is now blue-shifted by the hydrophobic environment
generated in the aggregates that also restricts the intramolecular motion inducing AIE.48

Similarly, TPA-DCM (see Figure 10) emission is weakened and red-shifted by a small
addition of water in its THF solution revealing the TICT promotion.

Figure 1.9: MBODIPY chemical structure and rotatable bonds. Water fraction (vol. %)
dependend behaviour. Reproduced with permission from Ref.19 © 2014 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim

When the molecules are forced to aggregate through larger addition of water, the
emission is not intensified and deactivation through ACQ prevails. The hydrophobic en-
vironment generated through aggregation disfavours the TICT process that quenches the
emission in polar solvent but the TPA-DCM core is already very rigid and the aggregation
cannot restrict any rotational motion thus, the molecule does not exhibit AIE effects.49

This behavior suggests that the combination of different promotion-emissive mechanism is
not always synergic but can result in detrimental dark state. In this case, TICT molecules
are AIE because the amplitude of the rotations involved in the TICT are not necessarily
enough energetic to be the main reason of the observed quench and so the AIE activity of
a molecule undergoing TICT depends by its flexibility and rotational motion.

Figure 1.10: TPA-DCM chemical structure and rotatable bonds. Water fraction (vol.
%) depending behavior. Reproduced with permission from Ref.49 © 2012 WILEY-VCH
Verlag GmbH & Co.

1.2 Room Temperature Phosphorescence and Ultralong Phos-
phorescence

Room temperature phosphorescence (RTP) has been deemed, for long time, as a specific
realm of metal based compounds.50 This can be simply explained by the requirement of
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numerous non-bonding orbitals implied into strong spin–orbit coupling (SOC), to pro-
duce efficient intersystem crossing (ISC), making the access to the long lifetime triplet
excited states of organic molecules possible. Additionally, these triplet states are prone
to be quenched by dioxygen and molecular motions. However, already in 1978, Bilen et
al.51 reported for pure crystalline solids of some organic compounds (including carbazole,
dibenzothiophene, dibenzofuran and triphenylene) an unusual RT afterglow emission.

Since this breakthrough discovery, purely organic RTP materials have received an ever-
growing attention due to their numerous advantages when compared with their organometal-
lic counterparts which are still now largely used for biological and optoelectronic appli-
cations. In particular, organic materials are featured by lower cost, toxicity and environ-
mental load. Additionally, specific characteristic potentially associated with organic phos-
phorescent materials, i.e. long afterglow lifetimes, have opened to the possibility of new
applications including low-cost temperature monitoring, anti-counterfeiting technologies,
bioimaging and sensing.52

RTP from organic compounds is actually a more frequent phenomenon than commonly
believed. This is particularly true for solids and in fact the fundamental basis for this new
impetus has been the pioneering works of Luo et al.20 on AIEgens which have opened
to the extension of the phenomenon. As already said, in the aggregate (crystalline or
amorphous) phase, intramolecular motions are locked by the rigid environment, allowing
the chromophore to radiatively relax through fluorescence and/or phosphorescence.

In this regard, materials showing crystallization induced emission (CIE) are particu-
larly intriguing. In CIE compounds intramolecular motions, able to quench luminescence,
are still active in the amorphous state but are blocked in the crystal by specific intermolec-
ular interactions, typically C–H···π, C–H···O, C–H···X (X = halogen atom) and N–H···O
hydrogen bond interactions, and isotropic packing forces.53–55 While CIE organic com-
pounds are generally characterized by prompt fluorescence, only a few of them are also
crystallization induced phosphorescent (CIP) emitters. Densely packed structures can pro-
tect triplets from oxygen quenching and, therefore, favor CIP behavior.

In some cases, organic RTP may last for a long time (lifetimes longer than 100 ms
and approaching 1 s and more) after cessation of excitation (afterglow emission), a feature
found in inorganic phosphors56 but extremely rare in organometallic RTP compounds57

owing to the short lifetimes of their triplet excitons. Such room temperature ultralong
phosphorescence (RTUP) has been recognized to occur in special cases, for example when
the molecular organization in a particular crystal structure (e.g. H-aggregates) is able to
stabilize the excited triplet state by trapping triplet excitons and extending both their
radiative and non-radiative lifetimes.

Recently, numerous reviews have been reported on organic RTP solid materials in
which phosphorescence is switched on by rigidification in crystals or polymeric matrices
and/or by interchromophoric interactions with other molecules of the same type or a
different type.52,58–64

Selected examples where XB and π–π interactions are involved, separately or in con-
junction, in switching on interaction-induced RTP are reported in the following.

1.2.1 Mechanism

As schematically displayed in Figure 1.11, in a light photoexcited organic system, one
electron is promoted from the ground singlet (S0) state to a high energy singlet (Sn) state
from which it generally relaxes through non-radiative internal conversion (IC) to the lowest
excited singlet state (S1).
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Figure 1.11: Schematic representation of the main absorption and emission processes of
an organic molecule

Fluorescence is the result of the fast (lifetimes, τ , typically in the ns range) radiative
deactivation (rate constant KF

RKF ) from S1 to S0. The singlet excited state can also relax
through thermal emission (IC, rate constant KF

NR) or to an excited state of different mul-
tiplicity by Intersystem Crossing (ISC (, rate constant KISC) when SOC is high enough
to overcome the spin selection rule. The main difference between metal containing and
purely organic chromophores lies into SOC which is generally very low in the latter there-
fore inhibiting S–T ISC (KISC 107-108s−1. However, ISC can be facilitated by the presence
of carbonyls, heteroatoms or heavy halogens, by small energy gaps (∆EST ) between the
involved singlet and triplet states and by large overlap between their vibrational func-
tions.28,65 In organic aromatic molecules with extensive π-conjugation ISC is not efficient
due to the large ∆EST , while, in compounds with n–π* transitions, the small ∆EST values
can facilitate ISC. Moreover, in agreement with El-Sayed’s rule,66 the ISC rate constant
KISC increases with the difference in the orbital parentage of the two states involved in
the electronic transitions (it increases for 1nπ∗ −→ 3ππ* or 1ππ∗ −→ 3nπ∗ transitions).

After population of an excited Tn triplet state and its internal relaxation IC to T1, the
radiative recombination from T1 to S0 gives rise to phosphorescence with rate constant
KP

R . This transition is slower (typically in the 10 ms - 100 ms range) than that found in
metal containing materials dyes due to the formally forbidden nature of T-S transitions.

In addition, phosphorescence is in competition with thermal intramolecular deactiva-
tion to S0 (rate constant KP

NR) through ISC and molecular motions (rotations and/or
vibrations), and through interactions with quenchers (oxygen and humidity) whose prob-
ability is increased by the long lifetime nature of the triplet states. In general, due to the
competitive non-radiative deactivation processes and the longer excited state lifetimes,
phosphorescence from pure organic molecules is detected only in the absence of oxygen
and by blocking molecular motions. This is usually obtained by lowering the temperature
or by embedding the chromophores in a rigid matrix at RT.67,68

When the T1 triplet state of an organic molecule is of 3(n, π*) character, the rate
constants of the transition to the ground state are larger than expected from triplet states
of 3(π, π*) type (El-Sayed’s rule); therefore, the molecule might exhibit efficient short-lived
phosphorescence (10 ms -100 ms). Differently, when the T1 state is of 3(π, π*) character,
phosphorescence lifetimes become longer but the emission is more prone to quenching
phenomena. However, appropriate intermolecular interactions in purely organic crystals
may stabilize the triplet state resulting in RTUP (lifetimes in the 100 ms – 10 s range)
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even under ambient conditions. The persistent luminescence of organic afterglow materials
is therefore the result of the slow radiative decay of stabilized long-lived triplet excited
states for which KP

R> KP
NR.

1.2.2 Halogen bonding XB induced RTP

It is well known that halogen atoms, such as bromine and iodine, on an organic molecule
scaffold enhance SOC due to their heavy atom effect favoring S-T ISC. This results in the
possible enhancement of phosphorescence or in non-radiative (T-S ISC) relaxation to the
ground state in a non-predictable way.

Moreover, in the solid state, intermolecular interactions involving halogen atoms (XB)
could positively affect the photophysical behavior. Several studies regarding solid state
RTP of halogenated organic molecules have been reported in the literature where phos-
phorescent emission is originated by both rigidification and intrinsic heavy atom effect.
Besides, it is important to take into account that the presence of the halogen atom may
induce intermolecular electronic coupling (IEC) able to alter the photophysical behavior
of the isolated chromophore. This is the case of co-crystals in which XB interaction is
exploited to produce phosphorescence through an extrinsic heavy atom effect.69 A way
to support the presence of IEC would be the photophysical characterization of the lu-
minophore in solution by decreasing the temperature: if the phosphorescence is switched
on or intensified, the molecular rigidification alone is at the basis of the observed solid
state RTP.

Scheme 1.3: Summing of XB induced RTP emitter examples.

Some examples of XB IEC self-induced RTP (Scheme 1.3) have been reported. Bolton
et al.70 investigated the 2,5-dihexyloxy-4-bromobenzaldehyde (1). When a diluted chloro-
form solution of the chromophore 1 is excited at 360 nm, no phosphorescence is observed
but only a weak fluorescence. Phosphorescent decays (500 nm, ΦP= 2.9% and τ = 5.4 ms)
can be observed only for crystals. Single crystal X-ray diffraction study (XRD) provided
evidence of an extremely close contact between the oxygen of the carbonyl group and the
bromine of a neighboring molecule (rBrO= 2.86 Å, see Figure 12).
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Figure 1.12: (a) Crystal packing of 1, highlighting the carbonyl oxygen-bromine distance
defining the XB; (b) photograph of crystals of 1 under 365 nm UV light. Reproduced with
permission from Ref.70 © 2011, Nature Publishing Group

Moreover, the phosphorescence/fluorescence ratio depends on the quality of the crys-
tals: higher crystallinity grade is related to higher phosphorescence intensity. The authors
suggested that the observed C–Br···O=C XB interaction is responsible for the green phos-
phorescence of the compound since it facilitates ISC through promotion of SOC.

Shi et al.71 investigated the crystal structures of four AIE compounds, namely, 1,4-
dibromo-2,5-bis(hexyloxy)benzene (2), 1,4-dibromo-2,5-bis(octyloxy)benzene (3), 1,4-dibromo-
2,5-bis((6-bromohexyl)oxy)benzene (4) and 1,4-dibromo-2,5-bis((8-bromooctyl)oxy)benzene
(5), the latter two presenting also bromine functionalization at the end of the alkylic units
demonstrating that Br···Br XBs are prone to inducing RTP. It is found that multiple
Br···Br interactions provided higher luminescence efficiency compared to analogue struc-
tures with single Br···Br XB. All the four chromophores are not emissive in solution but
quite so in the solid state. In particular, compounds 2 and 3 display intense green emissions
(λem = 500 nm, ΦP , equal to 3.4 and 8.9% for 2 and 3, respectively, τ in the millisecond
regime) and weak blue fluorescence (λem = 380 nm, τ in the nanosecond scale), while 4
and 5 show only strong green phosphorescence (ΦP = 21.9 and 13.1% for 4 and 5, respec-
tively, τ in the millisecond regime). Analysis of the four crystal structures suggested that
each organic phosphor is arranged in layers with a distance between neighboring layers
of around 3.7 Å. Within a layer, all chromophores are blocked by various intermolecular
forces including C-Br···Br-C and C-H···Br interactions (see Figure 1.13). In 2 and 3 com-
pounds, it is detected only one Br···Br XB interaction, three in compound 4 and two in
compound 5. The authors justified the different phosphorescence efficiencies to such dif-
ferent XB patterns. The improved phosphorescence quantum yield of both 4 and 5 solids
was ascribed to the synergistic effects of the promotion of Br-cluster interaction and the
suppression of triplet–triplet annihilation between adjacent molecules.
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Figure 1.13: Top: Perspective views of the XB in single crystals of dibromobenzene deriva-
tives 2, 3, 4 and 5. Bottom: Schematic representation of heavy atom interactions able to
enhance organic phosphorescence. Adapted with permission from Ref.71 © 2016 Ameri-
can Chemical Society

1.2.3 π-π interaction induced RTP

For common chromophores, strong intermolecular π-π stacking interactions are deemed as
the main cause of molecular emission quenching but, in some cases, it has been demon-
strated that aggregation is beneficial for RTP and RTUP emissions.72,73 In 1958, McRae
and Kasha reported one of the first papers where the concept of phosphorescence enhance-
ment upon aggregation of dye molecules was highlighted.74 According to the authors’ sim-
plified model, into aggregation of N molecules, once excited, the upper energy states of
each monomer 0–0 transition spread on each unit forming a band of levels (exciton band).
Since exciton splitting depends on the oscillator strength of the transition, only the singlet
states spread out into a band while the triplet band width has virtually no splitting.

Generally, two types of aggregation, J and H, are reported according to the θ angle
between the axis interconnecting the center-of-mass of two adjacent molecules and the
transition dipole moment (see Figure. 1.14 Left).
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Figure 1.14: (Left) Transition dipole orientation in a molecular aggregate; (Right) scheme
of the main photophysical processes occurring between the ground state and the first
singlet and triplet excited states for a monomer and a H-dimer (or N-fold H-aggregate) with
face to face orientation, θ = 90◦. Phosphorescent emission in H-aggregates is a consequence
of the favored ISC induced by small ∆EST and small KF (KST ≥ KF ) combined with
the reduction of non-radiative triplet state deactivations (KP

NR ≤ KP ) accomplished by
the crystal packing

If the information on the transition dipole moment is not available, an indication on the
aggregation type can be also inferred from the distance between centroids of the interacting
units. The borderline between the two aggregation modes corresponds to the relative
arrangement where the dipole–dipole interaction is null, that is θ = 54.7◦. H-Aggregates
are associated to larger θ values while it is the opposite for J-ones. A perfect H-aggregate
mode corresponds to the parallel facing orientation of the transition dipole moments (θ
= 90◦). According to the Kasha model, in this case transitions from the Bottom of the
exciton band to the ground state are forbidden since they do not produce any variation in
the transition moment, as sketched in Figure 1.5 Right for a H-dimer (in the case of J dimer
is the opposite: the transition from ground state to exciton band is forbidden). The main
photophysical processes occurring between singlet and triplet states in H-aggregates are
shown in Figure 1.14 Right and can be summarized as follows: after photon absorption, the
electron is promoted to the Top of the exciton band and undergoes a fast IC relaxation to
the band Bottom. Since recombination to the ground state is forbidden, the Bottom of the
exciton band acts as an energy trap and ISC to energetically close triplet states becomes
competitive with the relaxation to the ground state. In fact, ISC is higher in the aggregate,
with respect to the monomer, thanks to the smaller ∆ESTvalue induced by the lowering of
the exciton band. For these reasons in H-aggregates triplet states are efficiently populated
(KST > KF

R ) and phosphorescence can be enhanced compared to fluorescence.75,76 H-
aggregate motif can be effective in realizing organic RTP due to reduction of non-radiative
deactivation processes of the stabilized triplet state (KP

R ≤ KP
NR) combined with the

intrinsic long lifetimes of triplet states in organics (small KP
R ). In 1978 Bilen et al.51

were the first to report on the unusual afterglow emission of some crystalline organic
derivatives. In that early report, the authors specifically focused on crystalline carbazole
(Cz), which produces a weak yellow afterglow (λem= 568, 552 nm, τ = 0.7 s) distinctly
different from the compound’s molecular phosphorescence (measured in n-heptane at 77
K or in a thermoset resin at RT at λem ≃ 450 nm, τ = 4.5 s). The authors proposed that
the afterglow was produced from the deactivation of an excited triplet state of a dimer or
Cz pair.

Sun et al. were in fact the first to propose to exploit the ability of H-aggregates in the
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stabilization of the triplet excited states in order to increase the lifetime of phosphores-
cence of organic materials.77 An et al.78, in 2018, compare the photoluminescence behavior
of Cz 6 and iminodibenzyl 7 with the aim of finding a relationship between molecular con-
formation and the compounds’ RTUP property (Scheme 1.4). In opposition to 6 having a
conjugated, planar molecular structure, 7 possesses a unconjugated, twisted conformation
due to the presence of the additional C-C bond.

Scheme 1.4: Example of π-π interaction promoted RTP emitters

In diluted 2-methyltetrahydrofuran solution at 77 K, both compounds display one
phosphorescence in the 400–500 nm range. Moreover, the phosphorescence of 6 is not
affected by the excitation wavelengtth while that of 7 shifts from 403 to 497 nm on moving
λex from 290 to 370 nm. Supported by DFT analysis, the authors associated this behavior
to the presence at RT of different twisted conformations with various lowest triplet states.
By cooling at 77 K such conformations are instantly fixed in solution, forming single
molecules at different energy levels.

Crystals of 6 and 7 display concomitant fluorescence, delayed fluorescence by triplet-
triplet annihilation (TTA) and RTUP, all of which are blue-shifted for the not conjugated
7 in comparison with fully-conjugated 6, resulting in a green afterglow (λem= 520 nm, τ =
402 ms) for the former and a yellow one (λem = 560 nm, τ = 910 ms) for the latter. Single
crystal XRD analyses for both compounds highlighted multiple intermolecular interactions
(including N-H···π, C-H···π and N-H···H-C) and formation of H aggregates which can
stabilize the triplet excitons allowing the RTUP transition under ambient conditions (see
Figure 1.15). The relatively short phosphorescence lifetime of 7 (compared to 6) was
assigned to the looser crystal packing of the former.

Figure 1.15: Crystal packing of 78 (a and b) and 67 (c). (d) H-aggregates of 7 and 6.
(e) Schematic diagram of H-aggregated molecules stabilizing triplet excitons for organic
RTUP. Reprinted with permission from Ref.78 © 2018 American Chemical Society.

1.2.4 Concomitant XB and π-π interactions RTP

Some solid compounds display a multifaceted phosphorescence behavior ascribed to differ-
ent intermolecular interactions concomitantly present in the aggregated phase. Cai et al.79
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have recently reported three example of application of the synergistic effect of H aggregates
and XB for three isomeric Cz-triazine derivatives, namely 9-(4,6-bis(4-bromophenoxy)-
1,3,5-triazin-2-yl)9H -carbazole (8), 9-(4,6-bis(3-bromophenoxy)-1,3,5-triazin-2yl)-9H -carbazole
(9), and 9-(4,6-bis(2-bromophenoxy)-1,3, 5-triazin-2-yl)-9H -carbazole (10) (Figure 1.16).

Figure 1.16: On the Left: example of molecule explaining π-π XB interaction synergy RTP
emitters. On the Right: Top: Schematic illustration of three types of C-Br···π XB. Bottom:
Intermolecular interactions in the (a) 8 (b) 9, and (c) 10 crystal. Adapted with permission
from Ref.79 © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In THF dilute solution, the three derivatives display at RT identical broad fluorescence(λem

= 450 nm) of ICT character and at low temperature (77 K) the same fluorescent (main
peak at λem = 338 nm) and phosphorescent (λem = 400-500 nm) pattern indicates that
different Br-substitution position does not affect the molecular luminescence. Moving into
the crystal state, the three compounds show both intense fluorescent (λem= 370-400 nm,
τ in the nanosecond region, Φ = 10, 3 and 47% for 658, 966, and 1067 respectively) and
oxygen-insensitive phosphorescent (λem = 530-634 nm, τ = 155, 120, and 156 ms for 8,
9, and 10 respectively) emissions with quantum yield increasing in the order 10, 8, and 9
(ΦP = 2.3, 8, and 13% respectively). The photophysical properties of the three compounds
have been justified by the authors by means of extensive theoretical calculations and single
crystal XRD analysis. TDDFT analysis suggested for compound 8 an increased number
of transition channels for ISC for dimers compared to the monomer, while, dimers and
monomers of 9 and 10 do not show the same trend. From single crystal XRD analysis of
the three isomers, the formation of H aggregates is evident indicating their central role in
the stabilization of the triplet excited states for RTUP. In addition, while the C–Br···H–C
distance is the same in the three compounds, the C-Br···π distance is much shorter for
9 (3.461 Å) than for 8 (3.759 Å) and 10 (3.805 Å). This short distance together with
a favorable C–Br···π angle (equal to 116.71◦, see Figure. 1.16), in 9 facilitates SOC for
highly efficient RTUP.

1.3 Kasha and anti-Kasha

In its original formulation, the Kasha rule states that ”regardless of which electronic state
of a given multiplicity is excited [. . . ], the emitting electronic level of a given multiplicity
is the lowest excited level of that multiplicity”.80 This rule originates from the widespread
feature that the E1 - E0 energy gap is much larger than the En - En−1 (n > 1) ones. In
fact, according to the energy gap law the smaller is the energy gap between two electronic
states, the more probable is the nonradiative deactivation (by IC and ISC) between them.
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However, some exceptions to Kasha’s rule can be observed if one of the following condition
is met:

1. The energy gap between S1 and S2/n is large and the oscillator strength (f ) of the
S0 - Sn transition is large. In this case, fluorescent emission from S2/n becomes
competitive with that from S1. This mechanism is observed, for example, in azulene
and its derivatives81–84 and thioketones85–87 with a small difference regarding the
excited state character in the two families (being the (π, π*) character of S1 for the
former and (n, π*) for the latter);

2. The S2-S1energy gap and f of the S0-S1 transition are very small but f of the S0-
S2/n transition is large. In this case, fluorescence from S2 is observed due to thermal
population from S1, a mechanism observed for example for ovalene.88 Moreover,
fluorescence from higher Sn (n > 2) can be observed when energy separation between
the levels is favorable (necessary condition) and the Sn - S1 internal conversion is
forbidden by symmetry grounds (sufficient condition).89

Anti-Kasha phosphorescence from high-energy triplet levels is of course less commonly
observed. It may be favored by either an easy ISC (by both El-Sayed and energy gap
considerations) to T2 level of proper symmetry, different from the T1 one so as to give low
T2-T1 IC efficiency, or T2 thermal population from T1.

Anyway, it is proven that the largest part of organic chromophores follows Kasha’s
rule, and despite the increased instrumental sensitivity with respect to that available when
Kasha made his observation, it is difficult to recognize exceptions. However, “anti-Kasha”
emissions and emitters found increasing interest for both fundamental knowledge and
application aspects. In fact, anti-Kasha emitters can improve both luminescent quantum
efficiency due to the lacking of dissipation process (through IC) of the excess of electronic
energy, and other properties such as tuning of emission colors and lifetimes.

Anomalous emission includes a large number of photophysical phenomena, among
which anti-Kasha behavior represents a very limited subset that manifests either through
single or multiple emissions.90 The first case may be particularly difficult to discern due
to the hard-to-study low-lying dark excited levels that is silent to many experimental in-
vestigations. Importantly, when more than one band is displayed by a single molecule due
to structural rearrangement and/or chemical transformation, such as ”excited state conju-
gation enhancement” (ESCE), ”twisted intramolecular charge transfer” (TICT), ”excited
state intramolecular proton transfer” (ESIPT) and ”optically triggered counterion migra-
tion” (OTCM)90, dual or multiple emissive behavior is to be used instead of anti-Kasha
behavior. Actually, a few examples of ESCE, TICT, ESIPT and OTCM associated with
anti-Kasha behavior exist since the reorganization occurs starting from a higher excited
state in the molecule.91 Even those cases where various emissions are due to the molecule
and its aggregates in the same phase (solution, amorphous or crystalline solids) have to be
described as Kasha emitters. Of course, multiple emission could be originated by presence
of impuritie trace inducing to trivial mistakes. For these reason, photophysical behavior
must be carefully checked before claiming to ”rigorously” anti-Kasha emission.92,93 By
”rigorous”, it is meant systems that radiatively deactivate from Sn or Tn (n > 1). In fact,
in the literature, anti-Kasha behavior is commonly confused with anti-Vavilov one.93,94 In
agreement with Vavilov rule, the intensity of the dye emissions is independent of excitation
wavelength.

Another important caveat should be presented. Since anti-Kasha behavior is hardly
detectable through a solely experimental analysis, in particular when states below the
emissive Sn or Tn (n > 1) ones are silent, quantum-chemical computational approach
plays a key role in establishing the presence and the origin of anomalous emission. Accu-
rate ab initio techniques (e.g., CASPT2 and MRCI) require high computational costs but,
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by executing TDDFT approach, they aim at the predicting electronic spectra of complex
molecules. The performance of this method was always deemed highly reliable for pre-
dicting non-charge-transfer excitations, while it is well known that exchange-correlation
functionals generally used for ground-state calculations, such as those based on the general-
ized gradient approximation (GGA) or the hybrid GGA functionals (typically the popular
B3LYP one) do not allow for sufficient accuracy to study CT excited states.95–100 Very
few exceptions (for example, the PBE0 functional) have been recognized.101 Recently, the
development of the so-called range-separated hybrid functionals (including CAM-B3LYP,
ωB97X and ωB97XD), where the exchange term is split into long- and short-range102–105

and the range-separation parameter can be suitably determined by a self-consistent proce-
dure,106 has allowed for easy resolution of the CT problem for many systems of practical
interest.107,108 Additional functionals have been developed since, such as the hybrid meta-
GGA ones (including Mo6-2X) whose performance in electronic spectra calculations has
been assessed.108 It is therefore to be noted that the cases of anti-Kasha behavior in-
volving CT excited states collected in the present review, especially those where TDDFT
calculations have been performed using inadequate functionals, could be confuted by more
reliable approaches.
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[8] Hide Fumitomo, MaŕIa A. DÍaz-GarćIa, Benjamin J. Schwartz, and Alan J. Heeger.
New developments in the photonic applications of conjugated polymers. Ac-
counts of Chemical Research, 30:430–436, 1997. URL https://pubs.acs.org/

sharingguidelines.

[9] Sergey M. Borisov and Otto S. Wolfbeis. Optical biosensors. Chemical Reviews, 108:
423–461, 2 2008. ISSN 00092665. doi: 10.1021/cr068105t.

[10] C. W. Tang and S. A. VanSlyke. Organic electroluminescent diodes. Applied Physics
Letters, 51:913–915, 1987. ISSN 00036951. doi: 10.1063/1.98799.

[11] Elizabeth A. Jares-Erijman and Thomas M. Jovin. Fret imaging. Nature Biotech-
nology, 21:1387–1395, 11 2003. ISSN 10870156. doi: 10.1038/nbt896.

[12] Hiroyuki Saigusa and Edward C Lim. Excimer formation in van der waals dimers
and clusters of aromatic molecules. Accounts of Chemical Research, 29:171–178, 4
1996. ISSN 0001-4842. doi: 10.1021/ar950169v. URL https://doi.org/10.1021/

ar950169v.

[13] Jia Wang, Yunfeng Zhao, Chuandong Dou, Hui Sun, Peng Xu, Kaiqi Ye, Jingy-
ing Zhang, Shimei Jiang, Fei Li, and Yue Wang. Alkyl and dendron substituted
quinacridones: Synthesis, structures, and luminescent properties. Journal of Physi-
cal Chemistry B, 111:5082–5089, 5 2007. ISSN 15206106. doi: 10.1021/jp068646m.

24

libgen.li/file.php?md5=80c2ec552e583688dbbbb7d6fa16e7b2
https://pubs.acs.org/sharingguidelines
https://pubs.acs.org/sharingguidelines
https://doi.org/10.1021/ar950169v
https://doi.org/10.1021/ar950169v
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[37] Dietmar Möbius. Scheibe aggregates. Advanced Materials, 7:437–444, 1995. doi:
https://doi.org/10.1002/adma.19950070503.

[38] Frank Würthner, Theo E. Kaiser, and Chantu R. Saha-Möller. J-aggregates: From
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Chapter 2

Cyclic Triimidazole and Its
Halogenated Derivatives

Triimidazo[1,2-a:1’,2’-c;1”,2”-e][1,3,5]triazine, hereafter cyclic triimidazole or TT, was
firstly reported by Kirck et al.1,2 in 1973 but, due to a very tedious synthesis, it has
remained almost hidden for a long time until, in 2011, Schubert and coworkers3 reported
a more straightforward two steps synthetic procedure (Scheme 2.1). According to this new
procedure, imidazole is deprotonated in water with sodium bicarbonate and then reacted
with copper sulfate hexahydrate to get a deep blue copper diimidazolate polymer Cu(Im)2
as precipitate. After filtration, the polymer is sublimated at 280°C in high vacuum to get
a mixture of products with TT as major component (TT:IsoA ratio 5:1). The mixture is
then purified through crystallization and chromatography to get the target compound.

Scheme 2.1: Synthetic procedure for the preparation of TT and IsoA

2.0.1 Physical characterization of cyclic triimidazole

TT displays a peculiar emissive behavior (Figure 2.1a and 2.1b): its crystals display Crys-
tallization Induced Emission (CIE) with an overall quantum yield, Φ, equal to 30% due
to the presence of a vibrationally resolved fluorescence at 400 and 424 nm (τav = 7.67 ns)
and a RTUP at 525 and 570 nm (τav = 970 ms).4 Exposition of one crystal to polarized
light induces emission polarized along orthogonal axis of the crystal in agreement with the
transition dipole moment orthogonally oriented to that axis. Moreover, the crystal surface
displays bright emission due to wave-guiding effect (Figure 2.1c) which is lost in powders.
In addition, Φ decreases from 30 to 22% upon grinding and to 18% when powders are
obtained by fast evaporation of DCM.5–7

Single crystal X-ray diffraction, XRD, provided evidence of molecule slightly twisted
with respect to an ideal D3h symmetry. Weak C-H···N hydrogen bond interactions are
present in the plane resulting in approximated sheets. Along the third axis, molecules are
stacked in face-to-face antiparallel-packed zigzag columns with interplane distance equal
to 3.204(9) and 3.290(10) Å and triazinc centroids Ctr···Ctr distance equal to 3.95 and 3.73
Å respectively (see Figure 2.1d).
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Figure 2.1: a) Photoluminescence of the DCM solution (10-2 M, λexc = 350 nm) at 77 K
(blue dotted line). Photoluminescence (black line, λexc = 330 nm) and phosphorescence
(red line, time delay 172 ms, λexc = 374 nm) of powders at 298 K. b) Photoluminescence
(black line, λexc = 350 nm) and phosphorescence (red line, time delay 472 ms, λexc =
374 nm) of TT crystals at 298 K. c): Microscopy images of a part of a crystal under
unpolarized UV light taken with an analyzer with the transmission axis horizontal (Top
Left), vertical (Top middle), and under white light (Top Right). Images of a smaller crystal
under unpolarized UV light taken with the analyzer with the transmission axis vertical
(Bottom Left) and horizontal (Bottom Right). d) Fragment of crystal packing of 1 (Left)
and 2 (Right) showing the key intermolecular distances and the angles between the tran-
sition moment dipoles (red arrows) and the axis through the centroids of the triazinic
rings (purple circles). Reprinted with permission from Ref.4 © 2017 American Chemical
Society

As reported in Figure 2.1d, the short distance between molecule centroids indicates
large interchromophoric π-π stacking area with formation of H-aggregates.

To better understand the peculiar emission of cyclic triimidazole, DFT and TDDFT
calculations have been performed on modelled TT in both monomeric and small-stacked
aggregates (dimers and tetramers) adopting ωB97X/6-311++G(d,p) computational pro-
tocol. Analysis of optimized TT monomer structure revealed a perfect C3h symmetry
allowing a strong absorption band (as observed in dilute dichloromethane, DCM, solu-
tion) centered at 230 nm associated with 1(π, π*) S0 → S3 and S0 → S4 transitions with
an oscillator strength f = 0.56. S0 → S1 transition is symmetry forbidden in the monomer
with C3h symmetry. Calculations, performed on the dimer and the tetramer, provided
evidence that aggregation stacking force disrupts monomer symmetry and results in a D3h

one with S0 → S1 oscillator strength progressively increasing from 0 (monomer) to 0.0007
(dimer) and 0.0011 (tetramer) therefore justifying the broad weak absorption present in
concentrate DCM solution. The interaction energy amounts to -10.11 kcal/mol for the
dimer. These results support the establishment of strong π-π stacking interactions among
TT units in the crystal structure3 (see Figure 2.1d), where the closest dimeric unit within
the stack is characterized by reduced slippage (1.7 Å), short distance (3.73 Å) between cen-
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troids of the central triazinic rings and high angle θ (63°) between the centroid-centroid
vector, and the projection of this vector on the molecular plane. All these features are
indicative, from a geometrical point of view, of H-aggregation.8 Evaluation of triplet ex-
citation energies for the monomer and the dimer provides an increased number of states
going from the former to the latter, lying within 0.35 eV below S 1 and having the same
character as S 1. This indicates enhanced probability of singlet-to-triplet ISC by increas-
ing the size of the aggregate, due to the increased number of transition channels. This
observation, together with the (π, π*) character of the triplet emitting state, explains the
long lifetimes of the phosphorescence associated with H-aggregation. Moreover, for what
concerns excited triplet states, up to six different triplet state (T1 - T6) that lie below the
S1 have been computed for the monomer while almost twelve degenerate triple states near
S1 (T1 - T12) are present in the dimer. These results suggested a higher probability in the
dimer rather than in monomer for the singlet state to access to isoenergetic triplet states
through ISC. This observation, together with the (π, π*) character of the triplet emitting
state, explains the long lifetimes of the phosphorescence associated with H-aggregation. In
Figure 2.2 are summarized the photophysical behaviors of TT in monomeric and dimeric
forms.

Figure 2.2: Schematic diagram of singlet and triplet TD-ωB97X/6-311++G(d,p) energy
levels and main orbital configurations of a monomer (Left) and dimer (Right) of TT. The
green dashed arrows correspond to the ISC processes probably occurring from the S1 state
to the closest lower-lying triplet states (Tn). Reprinted with permission from Ref.4 ©
2017American Chemical Society

2.0.2 2.2 Bromine and Iodine Substituent

Starting from previous results, Lucenti et al.9–11 extended the TT-family by decorating the
central scaffold with either bromine or iodine atoms with the double aim of investigating
the heavy atoms effect on the emission and of obtaining useful starting materials for
coupling reactions. It is well known that the introduction of halogen atoms can play a
key role in photophysical behavior of chromophores by enhancing ISC (through the so-
called “intrinsic effect”) or by creating new radiative relaxation pathways through XB
interaction among molecules of either the same or a different type (“extrinsic effect”).12,13

As a matter of fact, introduction of halogen atoms (Br or I) on cyclic triimidazole results in
new molecular and supramolecular phosphorescences (both long-lived and ultralong lived)
covering a wide portion of the visible region.10,11
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Eq. NBS Solvent Br-TT Yield (%) Br2-TT Yield (%) Br3-TT Yield (%)
1 CH3CN 85 5 n.d.
2 CH3CN 57 40 Trace

3.3 CH3CN/CH2Cl2 n.d. n.d. 90

Table 2.1: Summing of reaction conditions and yields for Brominated TT derivatives

Bromide derivatives

The first halogenated class of TT was easily obtained by mild bromination with N -
bromosuccinimide (NBS) at room temperature (condition reported in Scheme 2.2 and Ta-
ble 2.1).9,10 Through careful control of the reaction conditions (NBS equivalents, solvent
and addition of catalytic acid) it was possible to isolate the 3-bromo-triimidazo[1,2-a:1’,2’-
c:1”,2”-e][1,3,5]triazine (hereafter Br-TT) and 3,7,11-tribromo-triimidazo[1,2-a:1’,2’-c:1”,2”-
e][1,3,5]triazine (hereafter Br3-TT) with good yields (85 and 90% respectively) while
the 3,7-dibromo-triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine (hereafter Br2-TT) was ob-
tained in mixture with both the mono- and tri-brominated byproducts in 40% yield.

Scheme 2.2: Synthesis of Brominated TT derivatives.

Chemical characterization of Br-TT and Br2-TT required extensively NMR (com-
prising 1D 1H, 13C and 2D COSY, 1H-13C HSQC, 1H-13C HMBC, 1H-15N-HMBC exper-
iments) and DFT/TDDFT investigations.14 NMR structural based assignment has been
thwarted by the lacking of diagnostic long-range coupling between quaternary carbon and
proton signals. Experimental spectra were correlated with quantum mechanical analysis of
chemical shifts and heteronuclear coupling constants highlighting 4JH-C correlations about
twice in value than 3JC-H ones. This fact allow the correct assignment of all peaks for both
compounds.

The brominated family has also been investigated through electrochemical studies.15

Analysis of the compounds on glassy carbon showed a shift of the reduction peak toward
more positive potential with respect TT (see Figure 2.3) with the carbon-halogen bond
undergoing dissociative electron transfer with concerned mechanism. This intriguing re-
sults are typical for alkyl derivatives in which injection of electron causes the formation of
a purely dissociative state. For aromatic halide is predicted an opposite trend: injection
of electron induces a stepwise mechanism due to the presence of low lying LUMO orbitals
able to stabilize the external electron. Moreover, the C-Br bond electro-cleavage is slightly
affected by the number of bromine atoms following the Br3-TT > Br2-TT > Br-TT
order. These findings further reinforce the hypothesis, previously proposed for TT, that
each imidazole unit in the cyclic trimer acts as an almost independent redox site, with
very poor heteroannular aromaticity.15
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Figure 2.3: Cyclic voltammetry patterns on GC electrode at 0.2 V s−1 in DMF + TBAPF6
0.1 M for the halogenated TT derivatives (solid lines) and the model Br-Im (dashed line).
Only the reduction processes are reported. Reprinted with permission from Ref.15 © 2019
Elsevier Ltd. All rights reserved

Diluted DCM solutions of Br-TT (Figure 2.4a), Br2-TT (Figure 2.4b), and Br3-TT
(Figure 2.4c) show at RT a sharp absorption band (at 230, 235 and 245 nm, respectively)
and one fluorescence (with maximum at 328, 380 and 370 nm, respectively) with Φ de-
creasing by increasing the number of bromine atoms (3% for Br-TT and almost vanishing
for Br2-TT and Br3-TT).9,10 At 77 K an intense and broad phosphorescence in the 570-
590 nm range with τav equal to 260-290 µs is observed only by exciting with λexc under
280 nm.

Based on DFT/TDDFT calculations, the absorption band has been assigned to a high-
energy 1(π, π*) state (Sn in Figure 2.4d), that is responsible also for the Room Temperature
emission. The low-energy onset, in the absorption spectra, is ascribable to 1(π, π*) S 0-
S 1 band whose intensity is inversely proportional to the number of bromine atoms (very
weak for Br-TT and Br2-TT, or almost null, for Br3-TT), which is clearly visible in the
excitation spectra. The presence of Br atom (in Br-TT and Br2-TT) disrupt the perfect
C3h symmetry allowing de facto the weak S0 → S1 absorption band which is lacking in
TT (transition forbidden by symmetry). The S 1 and Sm levels are separated by a series of
forbidden transition(s) with 1(π, σ*) character, where the involved σ orbitals are mainly
delocalized on Br atom(s) and C-Br bond(s), which prevent IC from Sm to S 1 and justify
the observed fluorescence from Sm rather than from S 1. The molecular phosphorescence
present in all the family at 77 K when excited below 280 nm is ascribable to a high energy
3(σ, σ*) level for Br-TT and Br2-TT and to a 3(σ, π*) Tn level for Br3-TT. For the
three compounds, the presence of bromine atom(s) guarantees an efficient ISC (granted by
heavy atom effect and El-Sayed rule) from energy-nearest Sm levels followed by internal
conversion to T1. Excitation at lower energy does not provide sufficient energy to populate
higher Sm level resulting only into fluorescent emission.
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Figure 2.4: a) Br-TT diluted DCM solution (10-4 M) at RT Top: absorption (black dashed
line) and emission (λexc = 280 nm; blue solid line) at 298 K. Bottom: excitation profile
(λem = 580 nm; black dashed line) and emission (λexc = 280 nm; red solid line) at 77 K.
(b) Br2-TT In diluted DCM solutio (10-5-10-6 M), absorption at RT (black solid line);
excitation (green dashed line, λem = 580 nm) and emission (red line, λex = 280 nm) at 77
K. (c) Br3-TT in diluted DCM solution (10-4 M) absorption (black line) at RT. Emission
(λexc = 280 nm; red solid line) and excitation profile at 77 K (λem = 580 nm; red dashed
line). (d) Summing of energy-level diagram of Br-TT, Br2-TT and Br3-TT in DCM.
Fluorescence and phosphorescence appear as blue and red arrows, respectively. Reprinted
with permission from Refs.9,10 © 2017-2018 Wiley-VCH Verlag 18 GmbH & Co. KGaA,
Weinheim.

Crystalline powders of Br-TT, Br2-TT and Br3-TT (Φ less than 0.1, 14 and less than
0.1, respectively) display enriched photophysical behaviors. This is due, on the one side, to
rigidification effects generated by the full network of intermolecular interactions, including
C-H· · ·N hydrogen bonds (HBs) and many van der Waals contacts; on the other side, to
the establishment of specific interactions able to switch on phosphorescence, namely π-π
stacking interactions among TT moieties and Br· · ·Br XBs. More in details, single-crystal
XRD analysis uncloak π-stacked arrangement in dimeric (for Br3-TT) or columnar (for
Br-TT and Br2-TT) featured by different distance between TT centroids (4.068, 4.427,
and 4.846 Åfor Br2-TT, Br3TT, and Br-TT, respectively). Moreover, by analysing the
dimeric structure in the three crystals, it has been noted that the π-π stacking interac-
tions’ strength decreases along Br2-TT > Br3-TT > Br-TT series as also proved by
differences in slippage of triazinic centroids (2.3, 2.9, and 3.6 Åfor Br2-TT, Br3-TT, and
Br-TT, respectively) and the angle between Ctr-connection vector and molecular plane
(55, 48, and 42° for Br2-TT, Br3-TT, and Br-TT, respectively). This trend arising
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from cooperative effects in crystal phase that shift dimeric unit away from their energy
minimum geometry. As proof of that, theoretical crystal structural optimization analysis
of π-π dimers of the three brominated compound revealed rather similar interaction en-
ergies (-8.43, -8.53, and -10.12 kcal/mol, for Br-TT, Br2-TT and Br3-TT respectively,
corrected for Basis Set Superposition Error). For both Br2-TT and Br3-TT, centroidal
distance remain almost identical to the calculated ones while for Br-TT it is significantly
decreased (to 4.461 Å) respect to the one found with X-Rays analysis as an additional
proof of weaker π-π stacking interactions in this structure. For what it concern XB inter-
action, in all the brominated crystals it has been found evidence of Br· · ·N interactions
significantly shorter than the sum of van der Waals radii by forming centrosymmetric
dimeric structures (Br-TT, see Figure 2.5 Left), tetrameric loops (Br2-TT, Figure 2.5
center), and one-dimensional chains (Br3-TT, Figure 2.5 Right). Moreover, Br2-TT and
Br3-TT present evidence of Br· · ·Br XBs interactions giving rise tetrameri Br4 (Br2-TT,
see Figure 2.5 center) and trimeric Br3 (Br3-TT) units. The presence of Brx synthons is
coherent with structural attributes of ”type II” halogen halogen· · ·halogen interaction, the
two aggregates are stabilized by different energies.16 More in details, Br4 synthons display
coplanar Br· · ·Br distances shorter of 4 and 1% than two times the bromine van der Waals
radius resulting in an higher rigidification of the structure. Br3 synthons, presents two
unit with close contact (3% shorter) while the third one is significantly far away from
their plane as a proof of less stable XB supramolecular aggregation.

Figure 2.5: Views of the π-π stacking in Br-, Br2-, and Br3-TT, Br atoms are shown as
spheres and XB interactions are highlighted by blue dashed lines. Red spheres in Br3-TT
refer to atoms belonging to different layers. Reprinted with permission from10 © 2018
Wiley-VCH Verlag 18 GmbH & Co. KGaA, Weinheim.

A first consequence of strong crystal packing provided by Br interaction is clearly high-
lighted in Br-TT and Br3-TT that display a S1-S0 fluorescent emission (with maximum
peaked at 426 and 415 nm, respectively) formally symmetry forbidden in TT. Moreover,
this emission increases in intensity in the solid state as result of packing force able to break
up the symmetry of π-electron distribution (Figure 2.6 for Br3-TT). It is worth to be
noted that fluorescent Sm-S0 emission is present both in dilute solution and in solid state.
Such behavior is a rare phenomenon ascribe to a high-energy gap between the high energy
singlet excited state and S1 one: these two excited states are separated by a group of 1(π,
σ*) states that are not accessible for symmetry rule. H-aggregates play a central role in
emission properties of Br2-TT and Br3-TT that present a Room Temperature Ultralong
Phosphorescent TH-S0 emission at about 550-650 nm (with τav = 28.85 and 18.42 ms,
respectively). Strong H-aggregate motif in crystal phase has been deemed responsible for
this peculiar phosphorescence. Interestingly, position of emission maximum for both com-
pounds is almost superimposable despite of differences in slippage of H-dimer in the two
structures. Br-TT lacks this kind of emission due to the large slippage of π-π aggregates
in crystal phase as a proof of the central role that H-aggregation play in stabilization of
excited state for these compounds. It is well established, however, that the crystallinity
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degree and the crystals’ size of the examined samples may play a role in the relative in-
tensity of phosphorescent emissions, so that RTUP cannot be totally excluded even for
Br-TT. The last broad long-lived phosphorescence detected only in Br2-TT at room
temperature (τav = 1.07 ms) is very similar to the one detected at 77 K for Br3-TT (490
nm, τav = 5ms). This kind of phosphorescence (with TBr-S0 chatacter) is originated by the
presence of Br· · ·Br XB motives (both Br3 and Br4 synthons) proofing the extrinsic heavy
atom effect of bromination on photophysical behavior for these class of molecules. Again,
the absence of such interaction in Br-TT correlated to the missing of similar emission is
another proof of the effect of bromine on cyclic triimidazole family photophysics. In the
case of Br3-TT at 77 K, TBr-S0 emission is detected with long phosphorescence while in
Br2-TT at the same temperature, the TBr emission hides the H-aggregates base emission.
In the end, the larger Φ of Br2-TT in comparison with Br-TT indicates a minor heavy
atom effect of bromine on the central scaffold suggesting the structural and crystal rigidity
to be more important in this regards.
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Figure 2.6: (a) Powders of Br3-TT at 298 K. Top: prompt emission (λexc = 280 nm, red
solid line; λexc = 340 nm, blue solid line) and excitation profile (λem = 420 nm, dashed
blue line). Bottom: delayed emission (λexc = 340 nm, 1 ms delay, window 50 ms; black solid
line) and excitation profile (λem = 550 nm, dotted black line). (b) Powders of Br3-TT at
77 K. Top: prompt emission (λexc = 280 nm, red solid line; λexc = 340 nm, blue solid line;
λexc = 385 nm, green solid line) and excitation profile (λem = 420 nm, dotted blue line).
Bottom: delayed emission λexc = 360 nm, 100 µs delay, window 500 µs, red solid line; λexc

= 385 nm, 100 µs delay, window 500 µs, green solid line; λexc = 385 nm, 5 ms delay, window
10 ms, black solid line) and excitation profiles (λem = 523 nm, dotted green line; λem =
600 nm, dotted red line). (c, d) Energy level diagrams showing transitions associated with
fluorescence (blue) and phosphorescence (red) at 298 (RT) and 77 K (LT), respectively.
Reprinted with permission from Ref.10 © 2017-2018 Wiley-VCH Verlag 18 GmbH & Co.
KGaA, Weinheim.

2.1 Iodide derivatives

Starting from Brn-TT promising result obtained with brominated compound, Lucenti et
al.11 prepared a family of analogous iodine derivatives. Iodination occurs through mild
electrophilic reaction of TT with N -Iodosuccinimide (NIS) and catalytic amount of tri-
fluoroacetic acid in CH3CN (Scheme 2.3).
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Scheme 2.3: Preparation of I-TT and I2-TT

Photophysical analysis of I- and I2-TT reveals a roughly similarity within brominated
family with some interesting differences. Unlike Br series, dilute solution of I-TT (DCM,
10-4 M, Figure 2.7b) does not displays any kind of emission at 298 K (Φ ≈ 0%). At 77 K, a
low-intensity emission pointed at about 420 nm, assigned at a deactivation from S 1 (Sm in
Brn-TT respectively) has been detected in the spectrum of I-TT by exciting with longer
wavelength (λexc = 340 nm, see Figure 2.7b). Furthermore, also for I-TT by exciting at
higher energy (below 300 nm), a broad and intense phosphorescence (630 nm, τav = 27.27
µs) ruled the 77 K spectrum. This specifical phosphorescent emission appears to be shorter
(τav smaller than one order of magnitudes) and red shifted (up to 50 nm) than ones in
bromine series. The mainly difference between I-TT and brominated ones is the higher
heavy atom effect played by iodine which makes SOC even more efficient. Accordingly to
this statement, an easier ISC between singlet-triplet and triplet-singlet state can occur jus-
tifying, respectively, the missing of emission at room temperature, the low Φ and the faster
molecular phosphorescence (MP). To better understand photophysical behavior, TDDFT
calculations has been performed revealing that the MP, likewise in Brn-TT is originated
by a 3(π, σ*) state close to a high-energy singlet state of 1(π, π*) character promoting
an easy singlet-to-triplet intersystem crossing and then phosphorescent relaxation from a
lower energy triplet state.

The solid-phase photophysical behavior has been then examined for both I-TT (Figure
2.7c and 2.7d) and I2-TT, whose crystal structures are investigated with single crystal
XRD. Diffraction patterns reveal the central role of both XB and π-π interactions that act
in synergetic way. Crystal structure of I-TT is ruled by the formation of helicoidal chains
along the b direction, self-assembled by non- equivalent I· · ·N XB on either sides of the
I-TT molecules (see Figure 2.7a). Analysis of I· · ·N XB interaction suggest the presence of
two different halogen interactions: a stronger one (r I···N = 2.878 Å, 18% shorter than the
sum of van der Waals radii) that links coplanar molecules (the dihedral angle ω between
the l.s. planes through their triazinic rings measures 14.6) and a weaker one (rN ···I = 3.020
Å, 14% shortening) that connect highly twisted molecules (ω = 69.2°). Interconnections of
different molecules forms a supramolecular chains and four ones are intervolved along the
helix axis (Figure 2.7a). In this way, the helix has a pitch equal to 16.388 Åthat contains
four molecules (with interplanar distance 3.309 Å) providing strong π-π interactions. The
presence of H-aggregates motif in the crystal structure of I-TT has been revealed by short
inter-centroids distance (4.097 Å), reduce slippage (2.3 Å) and the angle θ between the
centroid-centroid vector and the projection of this vector on the molecular plane (55°)
which are indicative for this specific supramolecular assembling. The I-TT H-aggregates
are very close in structure and parameters to the one present in Br2-TT. For what it
concerns crystals of I2-TT, it is isomorphous to Br2-TT displaying the same slightly
corrugated planes feature by the formation of analogous I4 XB tetrameric supramolecular
structures (I4 syntons, Figure 2.7a) slightly more rigid than Br4 ones. The more rigidity
provided by I· · ·I XB interaction is clearly showed with the more shortening into I4 syntons
respect to Br4 ones: into I2-TT I· · ·I distance is shortered by 6 and 5 % than 2 time the
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iodine van Der Waals radius comparing with the 4 and 1% detected into the Br2-TT. In
I2-TT, columnar arrangement of TT units are characterized by a longer inter-centroidal
distance rather than Br2-TT (4.304 vs 4.068 Å respectively).

Figure 2.7: (a) Partial views along b- (Left) and c-axis (Right) of I-TT crystal structure
showing columnar H-aggregates (centroids of the triazinic rings shown as red circles) in-
terconnected through I· · ·N XB (light blue dashed lines) to form intervolved quadruple
helices along the b-axis. ; (b) I-TT in DCM: absorption spectrum at 298 K (black solid
line); emission and excitation spectra at 77 K (λexc = 280 nm, red dashed line; λem =
648 nm, blue dotted line); (c) emission spectra of I-TT crystals at 298 K: Top: PL at
λexc = 300 nm (red dotted line), λexc = 370 nm (black solid line), λexc = 415 nm (blue
dashed line); Bottom: Phosphorescence spectrum (λexc = 370 nm, delay 50 ms, window
200 ms, red solid line); (d) emission spectra of I-TT crystals at 77 K. Top: PL at λexc

= 320 nm (blue dotted line), λexc = 370 nm (black solid line); Bottom: Phosphorescence
spectra at λexc = 320 nm (delay 10 ms, window 50 ms, blue dotted line) and λexc = 370
nm (delay 50 ms, window 200 ms, black solid line). Phosphorescence decays at λem = 460
nm (λexc = 320 nm, blue points) and λem = 558 nm (λexc = 370 nm, red points) with
their three-exponential fits (black lines) are shown in the inset.Reproduced with permis-
sion from Ref.11 ©2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Solid state emission for I-TT (Figure 2.7c and 2.7d) and I2-TT (Φ < 0.1 and 0.7 %,
respectively) highlighted a more intricated wavelength dependent photophysical behav-
ior than what observed in dilute solution. Crystals of I-TT excited at low energy (415
nm) displays a broad fluorescent band peaked around 476 nm (τav = 1.37 ns, Figures
2.7c, 2.7d and 2.8d) detected also in 77K emission spectra of diluted DCM solution (Fig-
ure 2.7b). This emission is ascribable to deactivation from S1. By slightly increasing of
excitation energy (370 nm), this emission becomes superimposed with a structured and
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well-resolved RTUP emission centered on 517, 563 and 612 nm (τav = 63.69 ms, Figure
2.7c) discernible from fluorescent one with delayed spectrum. By even increasing the ex-
citation energy (shifting to < 300 nm) it is activated a molecular phosphorescence (630
nm, τav = 0.53 µs) as also observed for low temperature dilute solution analysis (Figures
2.7c and 2.8d). I2-TT displays similar photophysical properties: crystal powders at 298
K shows excitation-dependent emissions arranged on a fluorescence (443 nm, τav = 1.23
ns), a molecular phosphorescence (MP, 680 nm, τav = 3.47 ms) and a room temperature
ultralong phosphorescence (RTUP, 625 nm, τav = 9.47 ms) upon proper excitation wave-
lengths. Photophysical investigation at low temperature (77 K, Figures 2.7d and 2.8d)
revealed that I-TT, upon excitation at 370 nm, displays broad fluorescence (458 nm, τav
= 2.77 ns), an ultralong phosphorescence (511, 526, 558, 573, and 610 nm, τav = 66.47
ms) and an interesting unresolved MP (640 nm, τav 23.66 µs) that is ascribable to a low-
energy channel for singlet-to-triplet intersystem crossing. Increasing the excitation energy
(320 nm), both fluorescence and ultralong phosphorescence disappeared while it appears
a new phosphorescence (460, 495, and 530 nm, τav = 34.85 ms) which is superimposed
with molecular phosphorescence discernible only in delayed spectrum. At lower excitation
wavelength, MP dominates the spectrum.

By merging the crystallographic data and the photophysical behaviors it could be
possible to state that both in I-TT and I2-TT powders, RTUP arises from H-aggregates
motif. In I-TT, this emission appears with well-resolved pattern rather than Br2-TT
despite of they are very similar in structure. This fact could be justified by the highly
rigidity that the I· · ·N and I· · ·I XB interactions gives to the structure with respect to
Br analogous. This fact is also found in the RTUP lifetimes trend which decrease in this
order: TT (970 ms) ≫ I-TT (64 ms) > Br2-TT (29 ms) > Br3-TT (18 ms) > I2-TT (9
ms). This trend results from combination of decreasing of H-aggregates strength (in order
TT > I-TT ≃ Br2-TT > Br3-TT > I2-TT) and presence and nature of heavy atoms.

Differences in intrinsic heavy atom effect of both Br vs I have been clearly highlighted
by comparison of photophysical properties of isomorphous Br2-TT and I2-TT demon-
strating the latter has an enhanced influence on photoluminescence behavior. At 77 K,
I2-TT crystals display phosphorescence at 460 nm with ms order assigned to I· · ·N XB
interaction which relies on the same position founded for Br2- and Br3-TT ascribed to
Br· · ·Br XB. Br-TT lacks such phosphorescence due to a weaker Br· · ·N XB interaction
(rBr···N = 3.006 Å, 12% shorter than the sum of van der Waals radii). Moreover, both I-TT
and I2-TT present a molecular phosphorescence which is visible also at 298 K that is much
more intense than the one observed for brominated series at 77 K. This can be count as
an additional proof of an higher intrinsic heavy atom effect for iodine rather than bromine
that can deeply influence the photoluminescence behavior of the compound. Extrapolate
the intrinsic and extrinsic effect of iodine on TT scaffold has required a deeper physical
comparation due to the presence of strong I· · ·N XB interactions into the crystal phase
that deeply affect the photophysical behavior of the compounds. To better understand the
iodine extrinsic/intrinsic effect on the central scaffold, a self-assembled cocrystal has been
prepared by combination of TT with 1,4-diiodiotetrafluorobenzene (DITFB) obtaining
TT-DITFB. Crystal analysis (Figure 2.8a) provide evidences that structure consists of
monodimensional chain arranged into a zig-zag infinite moiety assembled by I· · ·N XB in-
teractions where TT acts as double XB¡acceptor and DITFB as a double XB donor. The
XB distance (rN ···I = 3.031 and 3.006 Å for XB1 and XB2 respectively) are shorter by
14 and 15%, respectively, than the sum of the I and N van der Waals radii. The dihedral
angles between DITFB unit and the l.s. planes through the triazinic ring are 31.51° and
77.36°denoting that interaction moduls are far from the coplanarity.
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Figure 2.8: Right: Partial view of the crystal structure of TT-DITFB showing columnar
H-aggregates of TT along the a-direction (centroids of the triazinic rings shown as red
circles) interconnected through I· · ·N XB (light blue dashed lines) with DITFB to form
infinite 1D zig-zag chains. Left: Emission spectra of TT·DITFB at 298 K: Top: PL at
λexc = 300 nm (blue line) and λexc =
350 nm (black line); Bottom: Phosphorescence (λexc = 350 nm, delay 0.5 ms, window 1
ms, red dashed line); Right: Emission spectra of TT·DITFB crystals at 77 K: Top: PL at
λexc = 340 nm (black line), λexc = 300 nm (red line); Bottom: Phosphorescence at λexc =
320 nm (delay 10 ms, window 50 ms, blue dashed line) and λexc = 370 nm (delay 10 ms,
window 50 ms, red dotted line). (a) Energy level diagrams showing transitions associated
with fluorescence (blue) and phosphorescence (red) with correspondent average lifetime
(red, 298 K and green, 77 K) for crystals of I-TT and TT·DITFB. TI-S0 is observed only
at 77 K, TH-S0 is observed both at 298 and 77 K, T1-S0 is observed at both 298 and 77
K for I-TT while only at 77 K for TT·DITFB; Reproduced with permission from Ref.11

©2019 Wiley-VCH Verlag GmbH & Co.KGaA, Weinheim

As previously reported for the TT based structure, cyclic triimidazole moieties of dif-
ferent chains are interconnected by strong π-π stacking interactions along crystallographic
a axis forming infinite columnar arrangement with interplanar distance about 3.332, 3.488
and 3.777 Å respectively. Comparing the structure of I-TT and TT-DITFB results that
into the former there are stronger H-aggregates as confirmed by distance between TT unit
centroid (4.370 Å), larger slippage (2.8 Å) and lower value of θ angle (50°) founded into
TT-DITFB.

Emissive properties of TT-DITFB crystalline powders at room temperature (Figure
2.8b and 2.8d) comprises a broad fluorescent band (410 nm, τav = 2.56 ns) and a struc-
tured phosphorescence (496, 528, and 566 nm, τav = 21.48 ms) when excited at 300 nm.
Decreasing the excitation energy results into an intensification of vibronic components.
Low temperature analysis (77 K, Figure 2.8c and 2.8d) revealed a broad, red phosphores-
cent emission (720 nm, τav = 6.83 µs) that rules the spectrum when powders are irradiated
with high energy wavelength (λexc < 300 nm). This emission is lacking into TT crystals
and it can be ascribed to the presence of iodine atoms that interact with cyclic triimida-
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zole through extrinsic heavy atom effect. DFT/TDDFT calculation on optimized cocrystal
structure confirm the existence of 3(σ, σ*) and 3(π, σ*) levels that can allow SOC from
nearest singlet states with (π, π*) character, as also computed for I-TT. The larger red-
shifting of extrinsic molecular phosphorescence”, compared to the one observed in iodine
series, should be referred to a 3(σ, σ*) triplet emissive level featured by highly distortion
into the TT-DITFB crystal and assigned to I· · ·N XB interactions. Such similar emission
into In-TT has also been assigned to the same 3(σ, σ*) triplet level but in this case the
excited state is centered on C-I covalent bond justifying the more relaxation efficiency
founded at 77 K for the covalently bounded iodine compounds rather than the cocrystal.
Irradiation at lower energy (320 nm) produces a multicomponent emission arranged on a
fluorescence (440 nm, τav = 3.41 ns) and two superimposed phosphorescences well resolved
in delayed spectra (490, 527 and 560, τav = 20.01 ms for the first and 463, 407 and 537
nm, τav = 14.65 ms for the other one). The first longer-lived emissions are visible also
at room temperature and are ascribable to the presence of H-aggregates (TH-S0) and the
other one is visible only at lower temperature and it is originated by “extrinsic” I· · ·N XB
interactions (TI-S0). Due to the strong H-aggregates and I· · ·N XB interactions, covalently
bound iodine compounds shows an higher average lifetimes.

Preparation of this cocrystal allow to get the following conclusion on extrinsic/intrinsic
effect of heavy atom on TT photophysical behavior: (i) Φ follows the trend I2-TT (7%) >
TT-DITFB (5%) > I-TT (<0.1%) because systems decrease progressively rigidity factor
(ass also observed into brominated series); molecular phosphorescence is observed at room
temperature only for In-TT in agreement with higher and stronger intrinsic heavy atom
effect; (iii) I· · ·N XB interactions induced phosphorescence is directly on the strength of
such interaction regardless its one- or two-component origin, being observed in both I-TT
and TT·DITFB.
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Chapter 3

Chloride TT compound

The introduction of heavy halogen atoms (like Br or I) in the molecular structure (intrinsic
effect)1 or the formation of intermolecular interactions based on halogen bonding (extrinsic
effect)2–4, with molecules of the same type (one component)5–8 or with molecules of a
different type (two components),9–12 can effectively modulate the emissive properties of a
chromophore providing an efficient strategy for the preparation of functional materials.

The wide range of possible halogen bonds (XB) patterns can produce various effects,
either extrinsic or intrinsic, on fluorescence and phosphorescence as previously demon-
strated by the brominated and iodinated derivatives of TT.1,13–15 For example, Br2-TT
and I2-TT form strong and rigid X4 (X = Br or I) XB intramolecular units that induce
a long lived RTP which is absent in Br3-TT, where only weaker and non-planar Br3 XB
units are formed.

In this chapter, the synthesis, characterization and photophysical behavior of mono-, di-
and tri-chloro derivatives of cyclic triimidazole (see Scheme 1), namely 3-chlorotriimidazo[1,2-
a:1’,2’-c:1”,2”-e][1,3,5]triazine, 3,7-dichlorotriimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine and
3,7,11-trichlorotriimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine (hereafter Cl-TT, Cl2-TT and
Cl3-TT) are reported. The obtained results provide evidence that this study is not a mere
extension of previous work done on halo-TT compounds, but it gives new insight on the
photophysics of organic RTP. Moreover, Cl-TT, Cl2-TT and Cl3-TT, reveal as the best
performing among the full series, preserving the solid state multifaceted emissive behavior
but with enhanced AIE features (highest quantum yield) with respect to the bromine and
iodine analogues.

3.0.1 Results and Discussion

Three new compounds, namely Cl-TT, Cl2-TT and Cl3-TT, have been prepared by mild
chlorination of cyclic triimidazole with N -Chlorosuccinimide (NCS) as reported in Scheme
3.1.

Scheme 3.1: Syntesis of Cln-TT

As previously reported for both the brominated13–15 and the iodinated1 TT series,
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Entry Solvent eq NCS Catalyst TT Cl-TT Cl2-TT Cl3-TT
Residual (%) Yield (%) Yield (%) Yield (%)

1 DCM 1 TFA 98.0 trace trace trace

2 THF 1 TFA 86.0 13.0 trace trace

3 Dioxane 1 TFA 37.0 43.0 17.0 trace

4 CHCl3 1 TFA 42.0 40.0 17.0 trace

5 ACN 1 TFA 72.0 28.0 trace -

6 ACN 2 TFA 26.0 48.0 25.0 trace

7 ACN 3 TFA 8.0 42.0 39.0 11.0

8 ACN 4 TFA trace 18.0 56.0 22.0

9 ACN 1 TiCl4 84.0 7.0 5.0 5.0

10 ACN 1 TsOH 79.0 20.0 trace trace

11 ACN 1 AlCl3 25.0 48.0 26.0 trace

12 ACN 1 FeCl3 95.0 5.0 trace -

13 ACN (reflux) 1 - 91.0 8.0 trace -

Table 3.1: Screening of the reaction conditions in the preparation of Cln-TT

electrophilic chlorination of TT is not a selective reaction and provides a mixture of
the three compounds in relative quantities depending on NCS equivalents used in the
reaction. To assess the best condition to prepare Cl-TT, different reaction parameters,
such as catalyst, solvent and NCS equivalents, have been investigated as summarized in
Table 3.1.

The best performing conditions in terms of selectivity of Cl-TT have been found in
the use of TFA as catalyst and ACN as solvent. Moreover, an increase in TT conversion
rate, keeping a good selectivity, has been obtained by using 2 eq of NCS (Entry 6). The
use of higher NCS amount (3 or 4 eq) favors Cl2/3-TT.

The three compounds have been spectroscopically (both 1D and 2D NMR) character-
ized and their crystal structure has been collected through XRD analysis. Cl-TT, Cl2-
TT and Cl3-TT crystallize into P-1, C2/c and P21c space group, respectively, with two
molecules, labelled as A and B (in Cl- and Cl3-TT) and one molecule (in Cl2-TT) in the
asymmetric unit. The crystal structures of the three compounds share, with that of TT
itself, the formation of slightly corrugated planes where molecules, in Cl-TT and Cl2-TT,
are connected through several relatively short C-H···N and C-H···Cl hydrogen bonds (HB;
rH···N in the range 2.44 -2.65 and 2.46 -2.48 Å; rH···Cl equal to 2.92, 2.95 and 2.84, 2.85
Å in Cl-TT and Cl2-TT, respectively). On the other hand, the layers of Cl3-TT consist
of ribbons of A-type molecules, connected through short C-H···N (rH···N=2.35 Å) HB,
alternating with B-type molecules, interacting through very short Cl···N (rCl···N=3.014 Å)
halogen bond (XB) together with C-H···N (rH···N=2.50 Å) HB. Additional XB (rCl···N=
3.151 Å) and HB (rH···N=2.41 Å) formed every other molecule join the ribbons with each
other (see Figure 3.1).
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Figure 3.1: Fragment of Cl3-TT crystal packing depicting a layer of A- and B-type
molecules. Interatomic contacts (in Å) shorter than the sum of van der Waals radii are
shown as grey dashed lines. Ellipsoids at 50 % probability. Reprinted with permission
from Ref.16 © 2021 The Authors. European Journal of Organic Chemistry published by
Wiley-VCH GmbH

Such strong halogen interaction (8.7 and 4.5 % shorter than the sum of van der Waals
radii) is not predictable due to the absence of strong electron withdrawing groups on the
TT scaffold and may be justified by the necessity to accommodate three bulky chlorine
atoms within the layer. These H-bonded (in Cl- and Cl2-TT) and H/X-bonded (in Cl3-
TT) layers stack in a slipping manner, evidencing the presence of π- π stacking interactions
(Figure 3.2). The distances between least-squares planes through equivalent triazinic atoms
measure 3.408 and 3.182 Å for molecules A and B, respectively, in Cl-TT; 3.307 Å in Cl2-
TT; and 3.356/3.143 Å for A/B molecules in Cl3-TT (Figure 3.2a, b and c respectively).
Notably such layered pattern is disrupted in the analogue Br-, Br3- and I-TT halogenated
derivatives, owing to the presence of strong Br/I···N XBs that dominate over the π-π
contribution. In Br2-TT and I2-TT both interactions work cooperatively to form planar
X4 XB synthons which guarantee high rigidity to the structure. In opposite trend with
respect to TT where molecules are almost superimposed, in all Clx-TT crystals a large
slippage between molecular units, increasing in the order TT << Cl2-TT < Cl3-TT <
Cl-TT, is present.14
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Figure 3.2: Fragments of crystal packing of Cl-TT (Left), Cl2-TT (center) and Cl3-
TT (Right) showing three overlapped layers in different colors viewed from side or top
(dark/light colors for A/B molecules of Cl-TT and Cl3-TT and distances (in Å) between
triazinic centroids. Reprinted with permission from Ref.16 © 2021 The Authors. European
Journal of Organic Chemistry published by Wiley-VCH GmbH

3.0.2 Photophysical properties

Dilute DCM solution of Cln-TT (10−5 M, Table 3.2) at room temperature display an
absorption band below 300 nm. The three compounds are barely emissive in diluted so-
lution with a quantum yield Φ < 1% comprising multiple fluorescent and phosphorescent
bands ascribable to aggregated species, which could be present in low amounts even at
this concentration.

In the solid state (Φ = 24%, Table 3.2), crystals of Cl-TT are characterized by an
excitation-dependent emissive spectrum (see Figure 3.3).

Figure 3.3: Normalized excitation (dotted lines) and emission (solid lines) spectra of Cl-
TT crystals at 298 K. Emission: λexc=300 nm (black), λexc=340 nm (red) and λexc=440
nm (green). Excitation: λem=371 nm (black), λem=427 nm (red) and λem=550 nm (green).

In particular, excitation in the 300-400 nm wavelength range results in a broad, par-
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tially resolved band in the 320-450 nm region. From lifetime measurements two fluores-
cences (High Energy Fluorescence, HEF at 333 and 340 nm, τav = 0.77 ns; Low Energy
Fluorescence, LEF at 350 nm, τav = 1.02 ns) and one phosphorescence (High Energy Phos-
phorescence, HEP at 405 and 420 nm, τav = 270 µs, selectively activated by excitation
at 340 nm) have been recognized. An additional Medium Energy Phosphorescence (MEP,
510 nm, τav = 26 ms) can be observed by exciting at 440 nm.

At low temperature (77 K), the same emissive behavior is observed (see Figure 3.4)
with the bands having better vibronic resolution and longer lifetimes. More in details,
HEF (333 and 349 nm, τav = 1.22 ns) and LEF (367, 378 and 383 nm, τav = 4.76 ns),
HEP (406, 429 and 450 nm, τav=1.66 ms) and MEP (487 and 515 nm, τav=778 ms) are
recognized at different excitation wavelengths at 77K. Additionally, excitation at 280 nm
provides an unresolved broad phosphorescence emission, LEP (558 nm, τav = 12 ms).

Figure 3.4: Normalized excitation (dotted lines) and emission (solid lines) spectra of Cl-
TT crystals at 77 K. Emission: λexc=280 nm (black), λexc=300 nm (brown), λexc=327 nm
(blue), λexc=370 nm (red) and λexc=440 nm (green). Excitation: λem=348 nm (brown),
λem=428 nm (red) and λem=515 nm (green).

The analysis of the excitation profiles has allowed to discern one absorption (310 and
330 nm) assigned to S1 and a second one (299 nm), visible only at low temperature,
ascribed to a high energy Sn level. An additional contribution of T1 origin at 370-390 nm
and weak unresolved low energy bands at 400-500 nm, associated to aggregated species,
are present in solid state.

Similarly, Cl2-TT is characterized by excitation dependent emission with Φ = 12%
(see Figure 3.5, Table 3.2). The compound shows a broad LEF (397 nm, τav = 1.41 ns)
with a higher energy onset (HEF, 330 nm, τav = 6ps) and a MEP emission (480, 514 and
552 nm, τav = 49.13 ms) selectively activable with excitation at 308 nm. Furthermore, a
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broad high energy phosphorescence (HEP, 434 nm, τav = 1.33 ms) can be observed at 375
nm excitation wavelength.

Figure 3.5: Normalized excitation (dashed lines) and emission (solid lines) spectra of Cl2-
TT crystals at 298 K. Emission: λexc=280 nm (green), λexc=308 nm (blue), λexc=375 nm
(red) and λexc=413 nm (black). Excitation: λem=328 nm (green), λem=398 nm (blue),
λem=436 nm (red) and λem=514 nm (green).

At low temperature (77 K, Figure 3.6, Table 3.2), the four emissions are all present
and vibronically resolved (HEF: 329, 339 and 348 nm, τav = 6 ps; LEF: 362, 380 and 401
nm, τav = 1.48 ns; HEP: 436 nm, τav = 4.38 ms; MEP: 483, 515 and 554 nm, τav = 530
ms; LEP: 549 nm, τav = 13 ms).
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Figure 3.6: Normalized excitation (dashed lines) and emission (solid lines) spectra of Cl2-
TT crystals at 77 K. Emission: λexc=280 nm (red), λexc=308 nm (brown), λexc=400 nm
(blue) and λexc=434 nm (green). Excitation: λem=360 nm (brown), λem=437 nm (blue),
λem=481 nm (green) and λem=556 nm (red).

Analysis of excitation spectra (Figures 3.5 and 3.6) reveals the presence of an absorp-
tion at 320 nm ascribable to a S1 level; a second one at 297 nm assigned to a high energy
singlet level Sn; an additional band at 375 and 398 nm associated with a molecular triplet
state T1 and, finally, a vibrationally resolved low energy absorption at 440 and 469 nm
assigned to π-π aggregates in the crystal structures. To clarify the origin of this latter
band, amorphous films of Cl2-TT, prepared by melting and rapid quenching powders of
the compound on a quartz substrate, have also been investigated. Their emissive behavior
is excitation-dependent (Φ = 6%, Figure 3.7). In particular, excitation at 308 nm produces
an intense emission with peaks at 414 and 434 nm.
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Figure 3.7: Normalized excitation (dashed lines) and emission (solid lines) spectra of Cl2-
TT-film at 298 K. Emission: λexc=308 nm (black), λexc=350 nm (blue) and λexc=433 nm
(red). Excitation: λem=350 nm (black), λem=491 nm (blue) and λem=550 nm (red).

Through lifetime measurements, this intense emission has been identified as the HEP
(τav = 8.1 ms). MEP, on the other side, is highly quenched with respect to crystalline
Cl2-TT and appears as a broad emission at 430-500 nm (τav = 45 ms) when the system is
irradiated with 433 nm excitation wavelength. MEP has been assigned to the presence, also
in the film, of residual aggregated dimers without an ordered supramolecular organization
such as that found in the crystal. A similar trend has been detected for Cl-TT for which
crystalline powders are featured by looser π-π interactions.

Crystals of Cl3-TT display, as well, an excitation dependent emissive behavior ( Φ
= 9%, Figure 3.8, Table 3.2) comprising a high energy fluorescence (HEF, 340 nm, τav
lifetime lower than instrumental resolution = 6 ps), a low energy one (LEF, 370 nm τav =
0.65 ns), a high energy phosphorescence (HEP, 438 nm, τav = 13.7 ms) and a vibrationally
resolved MEP (492 and 523 nm, τav = 142.4 ms).
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Figure 3.8: Normalized excitation (dashed lines) and emission (solid lines) spectra of Cl3-
TT crystals at 298 K. Emission: λexc=300 nm (red), λexc=330 nm (green), λexc=374 nm
(blue) and λexc=440 nm (black). Excitation: λem=327 nm (green), λem=373 nm (red),
λem=441 nm (blue), λem=487 nm (brown) and λem=524 nm (black).

At lower temperature (77K, Figure 3.9, Table 3.2), excitation of Cl3-TT at 280 nm
(as reported for all halogenated derivatives of TT) produces a broad low energy phos-
phorescence (LEP, 552 nm, τav = 11.2 ms) together with a high energy emission at 370
nm. This latter emission is originated by the convolution of HEF and LEF (τav lower than
instrumental resolution and 0.96 ns, respectively) with partially resolved vibrational peaks
at 318 and 332 nm and 358 and 380 nm, respectively, as revealed by excitation at 330 nm,
where LEF is better resolved. Excitation at 373 nm activates a HEP (416 and 439 nm,
τav = 516.6 ms) together with MEP (τav = 700.6 ms). This latter better resolved with
440 nm excitation as highlighted by the presence of a structured band at 490 and 512 nm.
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Figure 3.9: Normalized excitation (dashed lines) and emission (solid lines) spectra of Cl3-
TT crystals at 77 K. Emission: λexc=280 nm (green), λexc=330 nm (blue), λexc=373 nm
(red) and λexc=440 nm (black). Excitation: λem=373 nm (blue), λem=443 nm (red) and
λem=526 nm (black).

Excitation pattern analysis (Figures 3.8 and 3.9) reveals the presence of a narrow
absorption at 298 nm ascribable to a Sm state, an additional band at 320 nm (better
resolved at 77 K with 314, 322, 331 and 336 nm vibronic replicas) associated to S1, a 370
and 406 nm band ascribed to T1 land a vibrationally resolved component at 412, 447 and
474 nm assigned to tightly bounded π-π aggregates as those present in Cl2-TT.

To summarize the photophysical behavior of the three compounds some important
points can be stressed: (i) they all show dual fluorescence from S1 and Sn (LEF and HEF
respectively) when excited at high energy; (ii) the high energy phosphorescence (HEP) is
ascribable to molecular triplet level with π-π* character (slightly distorted with respect to
the ground state as suggested by the small Stokes Shift); (iii) aggregation induced MEP
shows an intensity directly correlated with the crystallinity grade of the powders and the
strength of the π-π interaction in the solid phase (intensity increasing in the order: Cl2-
TT amorphous film <Cl-TT crystals < Cl3-TT ≈ Cl2-TT crystals). From comparison
of the crystals and the amorphous phase of Cl2-TT it appears that MEP and LEP are
competitive deactivation channels. Finally, each compound of the family displays, at 77
K, a LEP emission associated with the presence of a Tσ (π-σ* character) which can be
populated from close π-π* singlets. The high Stokes shift of LEP emission indicates a high
distortion of the excited state.

In an attempt to get additional information on the photophysical properties of the
compounds, blended poly(methylmethacrylate) (PMMA, 0.5% wt) films of the Cln-TT
derivatives have been prepared. Unluckily, as for the diluted solutions, Φ (<1%) is too
low to allow a deep investigation due to the presence of artifacts associated with the low

59



intensity of the emission. However, the three compounds display similar emissive properties
comprising HEF, LEF, HEP and MEP. The presence of MEP is not surprising because,
even at low concentration, the presence of π-π dimers cannot be excluded as observed in
diluted solution. HEP emission is justified by a partial shielding from oxygen by PMMA
matrix.

DFT/TDDFT analysis, performed on isolated ”gas-phase” molecule, finely reproduces
experimental results (Figure 10).

Figure 3.10: Scheme of singlet and triplet electronic levels with oscillator strengths (only
for singlet states, in blue) and character for Cl-TT (Left), Cl2-TT (center) and Cl3-TT
(Right) at ωB97X/6-311+ +G(d,p) level of theory. Reprinted with permission from Ref.16

© 2021 The Authors. European Journal of Organic Chemistry published by Wiley-VCH
GmbH

These high coherence indicates that the excited states have high molecular origin with
low contribution from aggregation phenomena. More in details, electronic level analysis
reveals that:

1. calculated S1 state with (π,π*) character corresponds to the 330 nm peak of LEF
(oscillator strength f = 0.013 and 0.009 for Cl-TT and Cl2-TT, respectively and
null for symmetry reason in Cl3-TT);

2. the first (π,π*) singlet levels having large oscillator strength (S3 and S4, f>0.4, see
Figure 10) correspond to the peak below 300 nm observed in both the absorption
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and excitation spectra, responsible for HEF. The large energy gap between these
states and S1 could be the reason of the observed dual fluorescence;

3. All Tn states under S1 share the same (π, π*) of S1, in agreement with reduced
distortion of the lower energy triplet state;

4. In Cl-TT and Cl2-TT the presence of a triplet level T8 with respectively partial
or full (π, σ*) symmetry close to S4 could explain the unstructured LEP which, in
fact, is only produced by high energy (260-280 nm) excitation.

The different symmetry of S4 and T8 guarantees an efficient ISC (thanks to the El-
Sayed rule) which is also favored by the chlorine atoms through “heavy atom” effect.

In Cl3-TT, having isoenergetic S3 and S4 levels rather below isoenergetic T8-T10 levels,
such S-T ISC process seems apparently forbidden for energetic reasons (see Figure 10).
However, it should be noted that, in the solid state, packing forces lead to symmetry
breaking of Cl3-TT from the ideal C 3h one displayed in the simulated gas-phase. This
induces a splitting of levels resulting in a lower energy difference between S4 and T8 and
enabling S-T ISC also for Cl3-TT crystals. In all the three compounds, emission from the
relaxed T8 state is expected to correspond to highly distorted geometry, owing to the σ
contribution to the transition, explaining its observation at much lower energy than T1.
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3.0.3 Conclusion

In conclusion, three chloride Cln-TT compounds featured by emissive properties in the
solid state have been prepared and characterized. Interpretation of their intriguing photo-
physical behavior has been achieved by theoretical calculation, crystal structure analysis
and comparison with previously reported TT-based compounds. The three compounds
are barely emissive in solution but become highly so in the aggregate phase where they
show excitation dependent behavior. In particular, dual fluorescence and a wide range of
different phosphorescences has been observed. In all three Cln-TT, an intriguing compe-
tition between HEP and MEP is observed, with the latter prevailing in Cl2- and Cl3-TT
crystals featured by strong π-π interactions. Moreover, this chlorinated series shows more
effective AIE features (solid state higher quantum efficiency) in comparison with the pre-
viously reported brominated and iodinated TT derivatives. This trend can be justified by
the lower heavy-atom effect played by the chlorine which provides less efficient T1/H - S0

ISC. This study provides further insight in the photophysics of TT-based luminophores,
confirming TT as a useful scaffold for the design of efficient RTP emissive materials.
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Chapter 4

Chromophoric Derivatives of
Cyclic Triimidazole Scaffold

4.1 Previous Insight on 2-Fluoropyridyl-TT Derivatives (4FPy)-
TT

Molecules featured by prolonged solid state emission are gaining ever growing attention,1,2

due to their versatility in the development of new technologies and potential wide range
of application.3–7 As previously discussed, the introduction of halogens atoms (Cl, Br
and I) on the TT scaffold deeply affects its photophysical properties resulting in dual
fluorescence, molecular and supramolecular phosphorescence at room temperature (RTP)
and ultralong phosphorescence (RTUP).8–11

A step forward in the development of new TT emissive derivatives has been achieved
by insertion of a chromophoric fragment (2-fluoropyridine, 2FPy) on the triimidazolic
scaffold. Coupling of organic fragments is expected to expand and modify the emissive
properties at both molecular and solid-state levels by introduction of additional stacking
interaction. Interesting results in this regard have been obtained by coupling TT with
2-fluoropyridine.12–16

The 3-(2-fluoropyridin-4-yl)triimidazo[1,2-a:1′,2′-c:1′′,2′′-e][1,3,5] triazine, 4PyF-TT,
has been prepared by the Suzuki-Miyaura cross-coupling between Br-TT and 2-fluoropyridine-
4-boronic acid pinacol ester (Scheme 4.1).9

Scheme 4.1: Synthetic preparation of 4PyF-TT

Solutions of 4PyF-TT in CH3CN (10−5 M) display at 298 K absorption maxima at
227 and 291 nm, and an emission band at 358 nm (Φ = 50 %), corresponding to radiative
S1-S0 deactivation (τ = 4.26 ns) (See Figure 4.1 Left). Absorption and emission spectra in
solvents of different polarity show a weak positive solvatochromism for the low energy band
and a negative one for the high energy band (σλ = 3 and 17 nm, respectively, from CHCl3
to CH3CN). Furthermore, at low temperature (77 K), an additional phosphorescence (454
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nm, τav = 1.63 s) is detected by selective excitation at 350 nm to populate the T1 level.
Similarly, an intense fluorescence (348 nm, τav = 1.89 ns) and a green phosphorescence
(415 and 436 nm, τav = 3.09 ms) appear, at 298 K, in the emissive spectrum of spin-
coated thin PMMA (6% wt) films. The long-lived emission can be deconvolute from the
prompt one by exciting at low energy (360 nm). TDDFT analysis of the electronic levels of
4FPy-TT has revealed that its intense fluorescence is to be assigned to deactivation from
S1(as supported by the high oscillator strength of the S0-S1 transition, f = 0.353). While
the phosphorescence observed for PMMA blended film and in solution at low temperature
arises from T1 which is easily populate through IC from a higher energy 3(σ, π*) Tn level.
This latter is accessible through ISC from 1(π, π*) S1 close in energy.

Crystalline powders of 4FPy-TT excited at 300, 360 and 480 nm at room temper-
ature (Figure 4.1 Center), possess one fluorescence (373 nm, τav = 4.77 ns), one green
phosphorescence (403, 424, and 446 nm, τav = 11.64 ms), one low energy RTUP (at 547
nm, τav = 417.78 ms) with overall Φ = 25%. The latter phosphorescence is assigned to
the presence of H-aggregates in the solid state featured by small slippage (1.9 Å), short
Ctr-Ctr distance (3.831 Å) and large angle (61◦) between the centroid-centroid vector and
the projection of this vector on the molecular plane (see Figure 4.1 right).

Figure 4.1: Left: 4PyF-TT in CH3CN (10−5 M) at 77 K: normalized emission (λexc =
300 nm, black solid line; λexc = 350 nm, red solid line) and excitation (λem = 343 nm,
black dashed line; λem = 450 nm, red dashed line) spectra. Center: Crystals of 4PyF-
TT at 298 K. Top: Normalized emission (λexc = 300 nm, black solid line; λexc = 360
nm, blue solid line; λexc = 480 nm, red solid line) and excitation (λem = 373 nm, black
dashed line; λem = 425 nm, blue dashed line; λem = 570 nm, red dashed line) spectra.
Bottom: Normalized phosphorescence spectra (λexc = 300 nm; delay 200 µs, window 1 ms,
blue dashed line; delay 5 ms, window 20 ms, red solid line). Right: Partial views along bc
direction of4PyF-TT crystal structure showing columnar H-aggregates (centroids of the
triazinic rings shown as red circles). Reprinted with permission from Ref.17

All together, these results suggest that introduction of the chromophoric 2PyF frag-
ment improves the molecular performance and results in a red shift of the RTUP with
respect to TT itself (546 and 592 nm to be compared with 525 and 570 nm).
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4.2 2Py-TT compounds

The encouraging results obtained with 4PyF-TT, 3-(2-fluoropyridin-4-yl)triimidazo[1,2-
a:1’,2’-c:1”,2”-e][1,3,5]triazine,1 prepared by insertion of 2-fluoropyridine fragment on TT,
showed that decoration of the cyclic triimidazole scaffold not only preserve its RTP prop-
erties but also introduced new radiative decays pathways enriching an already intriguing
photophysical behavior and allowing the realization of innovative smart materials. Fol-
lowing this trend, new chromophores able to tune and improve the photoluminescence
properties of TT have been investigated also in view of different possible applications. Of
course it is impossible to predict how the introduction of a fragment on TT can modify its
photophysical behaviour, however introduction of one 2-pyridine fragment seemed a good
choice due to the presence of an additional basic nitrogen able to coordinate to metals or
to be protonated resulting in pH dependent properties.

4.2.1 Results and discussion

3-(pyridin-2-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine (2Py-TT) has been synthetized
by Stille cross-coupling between Br-TT and 2-(tributylstannyl)pyridine (Scheme 4.2) and
characterized by mass spectrometry, NMR spectroscopy and X-ray analysis.

Scheme 4.2: Synthesis of 2Py-TT

The compound has been repeatedly recrystallized to exclude impurities before its pho-
tophysical characterization. Diluted 2Py-TT solutions (10−5 M, in CH2Cl2 or CH3CN,
Table 4.1) at 298 K in air display two absorption bands at about 235 and 290 nm and one
emission at around 350 nm (quantum yield Φ = 17% and 15% in CH2Cl2 and CH3CN,
respectively; Figure 4.2).2
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Figure 4.2: Normalized optical absorption (black solid line) and PL spectra of 10−5 M
deaerated solutions of 2Py-TT in CH2Cl2 (Top) and CH3CN (Bottom) at 298 K. Top:
blue solid line λexc = 270 nm; Bottom: blue solid line λexc = 300 nm; green solid line,
λexc = 390 nm. Phosphorescence spectra of CH2Cl2 (Top) (green dashed line, delay 50
ms, window 100 ms) and CH3CN (Bottom) (green dashed line, delay 200 ms, window 500
ms) λexc = 300 nm. Reprinted with permission from Ref.2

Interestingly, measurement of lifetime at 355 nm display both a short and a long lived
(ns and ms, respectively) character. Furthermore, despite no other emissions are detected
in the PL (photoluminescence) spectrum, long lived components can be revealed through
lifetime measurements at 400 and 500 nm. To deepen the knowledge of these observations,
both steady state and time resolved spectra of deoxygenated solutions have been collected.
Time gated spectra of CH2Cl2 diluted solutions (Figure 4.2) show a broad phosphores-
cence (medium energy phosphorescence, MEP, 420 nm τav = 40 ms) and a structured
one at a lower energy (low energy phosphorescence, LEP-1, 520 and 562 nm, τav = 441
ms). Slow diffusion of oxygen inside the cell causes quenching of both phosphorescences.
Deareated CH3CN diluted solutions (Figure 4.2, Bottom) display only one structured
phosphorescence (LEP-2, peaks at 488, 521 and 560 nm) when the sample is excited at
390 nm while no other higher energy phosphorescence has been detected . Forcing the
aggregation through the addition of water (CH3CN/H2O, %v/v = 50/50), while main-
taining the deareated condition, the LEP-2 spectral shape is detected even in the steady
state experiment (λexc= 390 nm, Figure 4.3).

71



Figure 4.3: Photophysical properties of deaerated solutions of 2Py-TT in 10−4 M
CH3CN/H2O (v/v = 50/50) solution at 298 K. Top: Absorption (black solid line), PLE
(green dashed line, λem = 488 nm) and PL spectra (blue solid line, λexc = 270 nm and
green solid line, λexc = 390 nm). Bottom: Phosphorescence spectra (blue solid line, de-
lay 100 ms, window 200 ms; red solid line, delay 0.5 ms, window 1 ms, λexc = 300 nm).
Reprinted with permission from Ref.2

Accordingly, a weak band (390 nm) is detected in the photoluminescent excitation
(PLE) profile of this emission (Figure 4.3, green dashed line) while it is lacking in the
absorption one. However, Time gated spectra (Figure 4.3, Lower Panel) show the same
structured LEP-1 observed in dichloromethane, together with an additional emission (high
energy phosphorescence, HEP, 345 nm) with shorter lifetimes than those of MEP centered
at 380-420 nm. The presence of two types of LEP has been suggested to be originated to
different type of aggregation in CH3CN/H2O mixtures.

To summarize: 2Py-TT displays multiple long lived emissions comprising two molecu-
lar components (HEP and MEP) and one associated with aggregated species (LEP). This
latter appears in two slightly different emissions (LEP-1 and LEP-2) depending on the
aggregation features.

PL spectra have been also collected at low temperature (LT, 77 K, Table 4.1). CH2Cl2
solutions display an excitation dependent PLE spectrum (Figure 4.4 Top): excitation at
280 nm produces a structured high energy fluorescence (HEF, 340 nm, τav = 2.32 ns)
together with the HEP component (375 nm). By exciting at lower energy (λexc 350 nm)
it is possible to activate a MEP emission (393 nm, τav = 13.16 ms).
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Figure 4.4: Photophysical properties of 10−5 M CH2Cl2 solution of 2Py-TT at 77 K. Top:
PL and PLE spectra (λem = 350 nm, black dashed line; λem = 400 nm, blue dashed line;
λexc = 280 nm, and blue solid line, λexc = 350 nm, green solid line). Bottom: Phospho-
rescence spectra, λexc = 350 nm (delay 200 ms, window 400 ms, blue solid line; delay 10
ms, window 20 ms, red solid line). Reprinted with permission from Ref.2

Time gated measurements highlighted at 405 nm the MEP at 405 nm and the relative
excitation band at 350 nm and at 485, 520 and 555 nm a long lived component (τav= 1.31
s) similar to LEP-2. Exciting with shorter wavelength the spectra become broader (Figure
4.4). By lowering the temperature of other solutions (CH3CN, CH3OH/CH3CH2OH v/v
= 20/80) similar results are observed.

Sample
298 K 77 K

Φ (%) λabs (nm) λem (nm) τav Origin λem (nm) τav Origin

CH2Cl2

17 237, 290
351

0.62 ns HEF S1-S0 325, 345 2.32 ns HEF S1-S0
10.2 ms HEP T6-S0 375

13.16 ms
HEP T6-S0

408 11.01 ms MEP T1-S0 393 MEP T1-S0
420 40 µs
500 12.04 ms LEP-1 Td--S0 485, 518, 550* 1.31 s LEP-2 Td’--S0

520, 562, 615 441 µs

CH3CN 15 233, 285
355

1.36 ns HEF S1-S0 343 2.46 ns HEF S1-S0
43.47 ms HEP T6-S0 388 17.79 ms HEP T6-S0

488, 521, 560 0.28 ms LEP-2 Td’--S0 500 889 ms LEP-2 Td’--S0

CH3CN/H2O 233, 280
345 ∼79.13 ms HEP T6-S0

380-420 MEP T1-S0
486, 515, 556

24 ms
LEP-1 Td--S0

515, 556, 610 LEP-2 Td’--S0

Table 4.1: Photophysical parameters of 2Py-TT in solution

To deepen the photophysical characterization of 2Py-TT, blended thin films in PMMA
have been prepared (2Py-TT/PMMA 10% and 5% wt, Table 4.2). The photophysical
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behavior becomes even richer with four different emissions covering a large area of the PL
spectrum (from 350 to 500 nm, Figure 4.5).

Figure 4.5: Photophysical properties of 2Py-TT in PMMA (2Py-TT/PMMA 10% wt).
Emission spectra λexc = 300 nm (black solid line), λexc = 350 nm (violet solid line), λexc

= 390 nm (blue solid line), and λexc = 450 nm (green solid line) and excitation spectra:
λem = 352 nm (black dashed line), λem = 400 nm (violet dashed line), and λem = 440 nm
(blue dashed lineReprinted with permission from Ref.2

However, the emissions can be selectively activated choosing different excitation wave-
lengths. In particular, with high energy excitations (below 300 nm) the spectrum is domi-
nated by an intense fluorescence at 350 nm (HEF, τav = 1.18 ns). Lowering the excitation
energy (350 nm), the MEP phosphorescence (394 nm, τav = 13.73 ms) is detected. Surpris-
ingly, an additional prompt emission at 440 nm (3.47 ns, low energy fluorescence, LEF)
can be activated by exciting at 390 nm. Excitation at 450 nm selectively produces an
unresolved LEP (at about 530 nm) already detected in solution as a broad emission in
time gated measurements. Ultrafast pump-probe measurement on blended thin film (2Py-
TT/PMMA 10 wt%) have been conducted to better understand the articulated behavior
of the compound.

The measured signal is:

∆T (λPR, τ)

T
=

TON (λPR, τ) − TOFF (λPR, τ)

TOFF (λPR, τ)

where TON and TOFF are the probe transmission intensities with and without pump
excitation at a given λPR and τ probe delay. A positive ∆T/T signal corresponds to
the bleaching of the ground state or stimulated emission (SE) from excited states, while
a negative signal indicates the presence of a photoinduced absorption (PIA) band.3The
∆T/T spectra at different probe delays after excitation at the first absorption peak (290
nm) with 20 fs time resolution are reported in the Left Panel of Figure 4.6.4
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Figure 4.6: Ultrafast spectroscopy measurements on 2Py-TT in PMMA (2Py-
TT/PMMA 10% wt). Pump-probe spectra selected at different probe delays after 290
nm (Left Panel) and 390 nm (Right Panel) excitations. Reprinted with permission from
Ref. citeLucenti2020

The spectra show an initial SE band at around 350 nm and two PIA bands, with peaks
at 450 nm and 550 nm, PIA1 and PIA2 respectively. The temporal evolutions indicate that
SE and PIA2 bands are instantaneously formed, while the PIA1 signal is delayed by about
100 fs with respect to the other two. Based on this observation, SE and PIA2 bands can
be assigned to the temporal evolution of the photo-generated excitons which give rise
to the HEF stimulated emission (S1-S0) or to the photoinduced absorption band PIA2

(S1-Sn), while the band at 450 nm is associated to the generation of charged states.5 This
result shows the presence of intermolecular interaction between the different molecules. To
investigate the origin of the LEF emission, ∆T/T spectra at different probe delays after
excitation at 390 nm (with 100 fs temporal resolution) have been collected (see Right
Panel of Figure 4.6). The spectra show an initial PIA band all over the visible spectral
region; moreover, at long probe delays, a positive signal appears in the region between
420 nm and 550 nm, indicating emission (supposedly LEF) from a newly formed state.
This formation is evident looking at the temporal evolution of the ∆T/T signal at 450 nm
which clearly indicates an initial negative signal which becomes positive in around 700 ps.
Moreover, after 1 ns the signal is still growing indicating that the excitation comes from a
long living initial excited state and it is likely that this emission will present a long-lived
emission tail.

2Py-TT has been isolated in three different polymorphs (see Figure 4.7). More in
details, 2Py-TT-A as colorless laminae, 2Py-TT-H, which includes disordered cocrys-
tallized water molecules, as needles and 2Py-TT-X as rectangular blocks have been ob-
tained by crystallization from CH2Cl2/CH3OH, CH3CN/H2O and CH3CN, respectively.
All the three polymorphs show the typical π· · ·π stacking interactions already observed in
cyclic triimidazole and its already investigated derivatives.1,6–9

2Py-TT-A (Figure 4.7 Top Right), shows largely shifted triimidazole units with a dis-
tance of 5.358 Å between triazinic centroids. However, short C · · ·C distances (3.234, 3.301
Å to cite the shorter ones) are measured, indicating strong π· · ·π stacking interactions.
Adjacent molecules along the stacks are rotated in the plane of TT.

In 2Py-TT-H (Figure 4.7 Bottom Left), adjacent TT units are overlapped without
any rotation and display very short slippage (the Ctr· · ·Ctr distance is 3.736 Å) but slightly
longer C· · ·C close contacts (3.309, 3.328 Å).

In 2Py-TT-X (Figure 4.7 Bottom Right), the asymmetric unit contains two molecules,
the Ctr· · ·Ctr distance of adjacent TT units is alternately equal to 4.756 and 4.917 Åand
the shorter C· · ·C contacts measure 3.373 and 3.416 Å. Similarly to what observed in
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2Py-TT-A, along the stack axis the molecules are slightly rotated in the TT’s plane. It
is worth to be noted that in all polymorphs, the TT moieties are strongly anchored to each
other not only by π· · ·π stacking interactions but also by several short C-H· · ·N hydrogen
bonds (HBs) in the plane roughly perpendicular to the stacking axis (the shortest ones
measuring 2.44, 2.50 and 2.29 Å in 2Py-TT-A, -H, and -X, respectively. On the contrary,
the pyridine moieties of 2Py-TT-A and 2Py-TT-X are implicated only in weak C-H· · ·π
HBs and N· · ·C close contacts. In 2Py-TT-H, the pyridinic nitrogen atom is hydrogen
bonded with the disordered cocrystallized water molecules, the high mobility of the latter
could not support a rigid environment for the pyridinic ring. As a consequence, the tilting
between pyridine and TT is different in the three structures, the dihedral angles between
the two fragments measure 41.47◦, 43.7◦ and 37.6/39.6◦ in 2Py-TT-A, -H, and -X, while
the DFT optimized value in vacuo is 36.70◦. In addition, the pyridine moiety displays a
different relative orientation with respect to TT in 2Py-TT-A in comparison with 2Py-
TT-H and -X as evidenced by the N7-C10-C2-C1 torsion angle that measures -35.18◦ in
the former and 41.51 and 34.16/34.64◦ in the latter structures, respectively.

Figure 4.7: Top: Asymmetric unit of 2Py-TT-A and its crystal packing. Bottom: Crystal
packing of 2Py-TT-H (Left) and 2Py-TT-X (Right). The centroids of triazinic rings,
together with their separation, are shown in yellow. Ellipsoids at 30% probability Reprinted
with permission from Ref.2

At 298 K in air, crystals of 2Py-TT-A show an intense high energy ultralong emission
(HEP, 370 nm, τav = 0.7 s) with a quantum efficiency equal to 52% when exciting between
270 nm and 380 nm (Figure 4.8 Top, Table 4.2). Excitation at 390 nm produces a LEF
(450 nm) while irradiation at 460 nm activates a LEP (524 nm).

76



Figure 4.8: PL (Top) and phosphorescence (Bottom) spectra of crystals of 2Py-TT-A
at 298 K. Top: Emission spectra (solid lines, λexc = 300 nm, black line; λexc = 390 nm,
blue line; λexc = 460 nm, green line) and excitation spectra (dashed lines, λem = 390 nm,
black line; λem = 460 nm, blue line; λem = 550 nm, green line). Bottom: Phosphorescence
spectra (λexc = 290 nm; delay 200 ms, window 500 ms, black line; delay 1 ms, window
3 ms, blue line; delay 5 ms, window 10 ms, green line). Reprinted with permission from
Ref.2

Time-gated experiments allow to resolve different phosphorescent contributions by
changing the delay times. With delays longer than 1 ms, the HEP peaked at 370 nm
decreases in intensity and the spectral shape evolves revealing a contribution at about 420
nm (MEP; τav = 0.29 ms) and a longer-lived broad LEP at 575-615 nm (τav = 2.09 ms)
(Figure 4.8).

Similar results are obtained for 2Py-TT-H crystals (Figure 4.9, Table 4.2), whose
steady state and time gated spectra comprise HEP (374 nm, τav = 20.38 ms), LEF (450
nm, τav = 1.91 ns) and LEP (520 nm, τav = 18.25 ms).
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Figure 4.9: PL (Top) and phosphorescence (Bottom) spectra of crystals of 2Py-TT-H
at 298 K. Top: Emission spectra (solid lines): λexc = 300 nm (black line), λexc = 390
nm (blue line), λexc = 460 nm (green line) and excitation spectra (dashed lines) λem

= 390 nm (black line), λem = 460 nm (blue line), λem = 550 nm (green line). Bottom:
Phosphorescence spectra (λexc = 320 nm; delay 50 ms, window 200 ms, black line; delay
100 ms, window 200 ms, blue line; delay 1 ms, window 10 ms, green line). Reprinted with
permission from Ref.2

Time-gated spectra collected at 320 nm excitation, have revealed that the HEP, peaked
at 375 nm, evolves into MEP (τav = 0.47 ms) and the structured LEP-1 (535, 570 and
625 nm; τav = 5.98 ms) at delays longer than 1 ms. In 2Py-TT-H crystals analysed at 77
K (see Figure 4.10), HEF (345 nm), HEP (373 nm), LEF (392 nm) and LEP-2 (493 nm)
are resolved. In time gated spectra MEP and HEP emissions overlap, while, as previously
reported for CH2Cl2 diluted solution, the spectral profile of LEP-1 is selectively activated
by exciting at 400 nm (Figure 4.10).
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Figure 4.10: PL (Top) and phosphorescence (Bottom) spectra of crystals of 2Py-TT-H
at 77 K. Top: Emission spectra λexc = 300 nm (black solid line), λexc = 350 nm (pink
solid line), λexc = 380 nm (blue line), λexc = 450 nm (green solid line) and excitation
spectra λem = 356 nm (black dashed line), λem = 410 nm (pink dashed line), λem = 520
nm (green dashed line). Bottom: Phosphorescence spectra at delay 100 ms, window 500
ms (λexc = 300 nm, black solid line; λexc = 330 nm, blue solid line; λexc = 400 nm, green
solid line). Reprinted with permission from Ref.2

Steady state emission spectra of 2Py-TT-X crystals at 298 K (Figure 4.11 Top,
Table 4.2) in air display HEP (362 nm, τav = 91.83 ms), LEF (466 nm, τav = ns) and
LEPs (524 nm, τav = 9.38 ms). This fluorescent trend is similar to that observed for the
other polymorphs. However, phosphorescence appears more complex. Time gated spectra
(Figure 4.11 Bottom) show a structured long-lived deep red phosphorescence (DRP at
636, 695 and 767 nm, τav = 111.07 ms) dominating the spectrum at delays longer than 0.1
ms. The HEP is observed only at short delays (0.1 ms) while longer lived MEP at 400 nm
and LEP at about 530 nm (τav = 1.31 ms and 22.60 ms, respectively) are observed, the
latter revealing vibronic replicas similar to those observed for 2Py-TT-H (Figure 4.11).
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Figure 4.11: PL (Top) and phosphorescence (Bottom) spectra of crystals of 2Py-TT-X
at 298 K. Top: Emission spectra λexc = 300 nm (black solid line), λexc = 390 nm (blue
solid line), λexc = 460 nm (green solid line) and excitation spectra λexc = 360 nm (black
dashed line), λem = 460 nm (blue dashed line), λem = 550 nm (green dashed line). Bottom:
Phosphorescence spectra (λexc = 300 nm; delay 100 ms, window 500 ms, black dashed line;
delay 0.5 ms, window 10 ms, red dashed line; λexc = 370 nm, delay 200 ms, window 500
ms, green solid line). Reprinted with permission from Ref.2

To summarize, 2Py-TT displays a wide emission range comprising two fluorescences
(HEF and LEF) and four phosphorescences (HEP, MEP, LEP and DRP) with intensity
related to the physical state of sample and on the specific polymorph. LEPs and DRP have
been ascribed to dimeric or supramolecular π· · ·π interaction between cyclic triimidazole
moieties. The observation of LEP also in diluted (10−5 M) CH2Cl2 and CH3CN solutions
has been justified by the fact that the presence of aggregated species cannot be completely
excluded.10 The geometrical optimization of dimeric units extracted from the three crystal
structures converges in three different but almost isoenergetic stationary states with large
interaction energies (11.92 kcal/mol BSSE-corrected, for the most stable one). LEP-1 and
LEP-2, present in the spectra of all polymorphs, has been suggested to be originated from
interaction between 2Py-TT units with different conformations and/or relative orienta-
tions.10 On the contrary, the low energy DRP, detected only in 2Py-TT-X, is related
to a more specific intermolecular interaction. Analysis of X-ray structures for the three
polymorphs revealed that 2Py-TT-X and -H share the highest H-aggregated character
however, water molecules present in -H may act as vibrational quenchers for the DRP.11

All the other emissions (HEF, HEP MEP and LEF) seem to arise from molecular
electronic states. In fact, even if LEF is not visible in solutions, it appears in blended films
(and in all polymorphs), suggesting that environmental rigidification is fundamental for
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its activation.

Sample
298 K

Φ (%) λabs (nm) λem (nm) τav Origin

PMMA Film 223, 293

350 1.18 ns HEF S1-S0

394 13.73 ms MEP T1-S0

440 3.47 ns LEF S1,E-S0,E

530 15.70 ms LEP Td-S0

2Py-TT-A 52

370 698 ms HEP T6-S0

418* 0.29 ms MEP T1-S0

450 LEF S1,E-S0,E

510,570,608 2.09 ms* LEP Td-S0

2Py-TT-H

374 20.38 ms HEP T6-S0

408* 0.47 ms MEP T1-S00

450 1.91 ns LEF S1,E-S0,E

500 528,562,610 18.25 ms 5.98 ms* LEP Td-S0

2Py-TT-x

362 91.83 ms HEP T6-S0

402 1.31 ms MEP T1-S0

466 4.13 ns LEF S1,E-S0,E

524 536,585 9.38 ms 22.60 ms LEP Td-S0

636, 695,767 111.1 ms DRP TH -S0

Table 4.2: Photophysical parameters of 2Py-TT in the solid state.

The comparison with the 4PyF-TT analogue has allowed to clarify the behavior.1

4PyF-TT shows S1-S0 fluorescence (370 nm), T1-S0 molecular phosphorescence (420 nm)
and a long-lived TH -S0 component (560 nm) with H-aggregate supramolecular origin. Sim-
ilarly, HEF of 2Py-TT can be associated with S1 radiative deactivation and MEP could be
as well ascribed to T1. This interpretation has been also supported by theoretical analysis
(see discussion below). More intricate is the analysis of LEF and HEP whose assignment
requires the support of DFT and TDDFT calculations on the optimized molecular geom-
etry of the chromophore. Two almost isoenergetic minima (Figure 4.12), separated by a
small barrier(B), have been obtained through energy scan calculations around the single
bond connecting the TT to the pyridine. In the two minima the pyridinic nitrogen atom
lies below (polymorph -A) or above (polymorph -H, -X) the plane of TT.
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Figure 4.12: Scan of the relaxed potential energy surface of the S1 and S0 states of 2Py-
TT along the N7-C10-C2-C1 torsion angle, Ψ, at the (TD)-ωB97X/6-311++G(d,p) level
of theory. Energies are relative to the S0 state equilibrium geometry. A, H and X refer to
the optimized molecular structures of 2Py-TT-A, -H and -X, respectively. B, C, D and
E denote the other stationary states. Reprinted with permission from Ref.2

Another local minimum (D), slightly higher in energy (∼1 kcal/mol) than the absolute
one, corresponds to the conformation in which the pyridinic nitrogen is close to the TT
one. Though this local minimum is not observed in any of the polymorphs of TT-Py, its
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occurrence could not be ruled out in solution, owing to the low (∼2 kcal/mol) barrier (C)
from the absolute minimum. Finally, a rotation energy barrier (E, 7 kcal/mol) corresponds
to a conformation where two nitrogen atoms (one from TT and the other from pyridine)
face each other.

The simulated absorption spectrum of 2Py-TT (Figure 4.13), as derived by convo-
lution of the singlet excitation energies computed at the absolute minimum geometry
(conformation A) reproduces the UV spectrum well. In fact it shows two bands mainly
corresponding to the S0-S1,A (256 nm, oscillator strength f = 0.478) and the S0-S7,A (207
nm, f = 0.428), both of 1(π,π*) character, with intermediate weaker transitions of 1(σ,π*),
1(σ/π,π*) and 1(π,π*) character. Here the σ contribution is due to occupied MOs essen-
tially localized on one TT nitrogen atom. Though such maxima are blue-shifted with
respect to the experimental ones, their separation, equal to 1.16 eV, well matches the
observed one, 1.05 eV. Close to S1,A, two triplet states are computed with proper sym-
metries to allow easy ISC from S1,A, i.e. T7,A (254 nm, almost overlapped to S1,A) with
3(σ/π,π*) character and T6,A (278 nm) having 3(σ,π*) character. Such triplet states could
be associated with the HEP observed in the emission spectrum.

Figure 4.13: ωB97X/6-311++G(d,p) computed absorption spectrum of 2Py-TT-A in
their absolute minimum, resulting from convolution of the excitation energies (blue sticks)
with 0.25 eV of half-bandwidth. Reprinted with permission from Ref.2

In particular, the calculated spectrum shows two main absorptions corresponding to
the S0-S1,A, (256 nm, oscillator strength f = 0.478) and the S0-S7,A (207 nm, f = 0.428),
both of 1(π, π*) character and only slightly blue-shifted with respect to the experimental
ones, with intermediate weaker transitions of 1(σ, π*), 1(σ/π, π*) and 1(π, π*) character.
The two computed triplets close to to S1,A, namely T7,A (254 nm, almost overlapped to
S1,A) with 3(σ/π, π*) character and T6,A (278 nm) having 3(σ, π*) character, have proper
symmetry and position to allow easy ISC from S1,A. These triplets have been associated
with the HEP. Moreover, a triplet state (T9,A, 254 nm) having 3(π, π*) character, is
calculated close to S2,A (241 nm, oscillator strength f = 0.021) of 1(σ, π*) character,
from which the triplet can be easily populated through ISC. Finally, T1,A, having 3(π, π*)
character, can be populated from T9,A by internal conversion which then relaxes through
MEP, which is slower than the HEP due to the different character of the corresponding
emissive states (see modified Jablonski diagram, Figure 4.14).
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Figure 4.14: Schematic photophysical processes of 2Py-TT (fluorescence and phosphores-
cence shown as blue and red arrows, respectively). Reprinted with permission from Ref.2

Manifestation of anti-Kasha behavior due to HEP emission from T6,A is associated
with its (σ/π, π*) symmetry which is different from the (π, π*) one of T1,A.12 In agree-
ment, for 4pyF-TT lacking the HEP, the computed triplet states close to S1 have the
same symmetry (σ/π, π*) as T1 so that internal conversion to this state is always ob-
served, producing only lower energy molecular phosphorescence. Geometry optimization
of the first singlet excited state S1,A of (π, π*) character leads to a planar conforma-
tion corresponding to the ‘B’ geometry of the ground state, at only slightly lower energy
with respect to the Franck-Condon one. Emission from this state can be associated with
the strong HEF observed in solution, films and solid state at 350-370 nm when excited
at 270-300 nm. On the other hand, calculations of excitation energies at the local mini-
mum’s geometry (point ‘D’) provide a S0,D-S1,D transition of mixed (σ/π, π*) character
at higher energy with respect to that computed for ‘A’, indicating that molecules which
happen to be found in this conformation cannot reach their S1,D state using the same
values (270-300 nm) of excitation energies. However, geometry optimization of S1,D leads
to a planar conformation corresponding to the gro’nd state’s ‘E’ geometry is associated
with much lower energy than the Franck-Condon one. Emission from this optimized S1,E

state could explain the LEF observed in films and solid state at 450 nm when excited at
390 nm. Such low excitation energy, in fact, allows for population of a triplet state with
the proper (π, π*) symmetry which crosses S1,E and finally decays in the ground state. A
S0,D/Tm,D/S1,E/S0,E mechanism has to be invoked since no singlet states are computed
at such low (390 nm) energy, neither for the molecule nor for its dimeric aggregates. These
conclusions are in agreement with pump-probe experiments shown in the Right Panel of
Figure 4.6. Upon pumping directly to the Tm,D triplet state (recognizable in the spectrum
from the negative PIA band Tm,D/Tn,D) the S1,E state responsible for the LEF emission is
populated by intersystem crossing.5 Such a process, in principle, occurs also when exciting
at higher energy (for example, by activating D conformer from S0,D to S1,D) but cannot
be observed because it is obscured by the much more efficient HEF emission. Moreover,
its observation only in films and crystals suggests that it can be switched on only in a
rigidified environment. Finally, it requires a portion of molecules to be found in the D
conformation even in the crystalline state; this condition could be realized both as defects
in the crystalline structure and on the crystal surfaces.

To acquire further information to understand this puzzling photophysical behavior,
2Py-TT/PMMA films have been exposed to vapors of HCl. It is expected that protonation
of the pyridinic nitrogen atom should block the rotation of pyridine around connecting
bond. Exposure for 30 min did not provide completely protonation of the substance as
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disclosed by the steady state emission spectrum of the film (see Figure 4.15 Right) in which
both high energy fluorescence of 2Py-TT and additional intense red shifted 2PyH+-TT
fluorescence (412 nm, τav = 3.56 ns) are present. After 45 min, however, the emission
of the neutral form is completely quenched and only the 412 nm component is visible.
Excitation at 390 nm activates one phosphorescence at 425 nm (τav = 13.94 ms) which
is detectable due to the lack of LEF at 450 nm. Exposure of protonated film to ammonia
vapor allows to restore the neutral form.

Theoretical geometry optimization of 2PyH+-TT, indicates that the simple addition
of a proton on the basic nitrogen atom of the 2Py-TT generate a metastable conformation
(Figure 4.15).

Figure 4.15: Left: Scan of the relaxed potential energy surface of 2PyH+-TT along the N7-
C10-C2-C1 torsion angle, s, at the (TD)-ωB97X/6- 311++G(d,p) level of theory. Energies
are relative to the minimum energy geometry. ). Right: Film exposed to HCl vapors (λexc

= 300 nm; black solid line, 30 min; red solid line, 45 min; λexc = 390 nm, green solid line,
45 min; λem = 527 nm, green dashed line, 45 min). Reprinted with permission from Ref..2

The relaxed energy scan for 2PyH+-TT reveals a more stable conformation (more
than 10 kcal mol−1) where the pyridinic protonated nitrogen and one nitrogen of the
triimidazole are facing each other, according to a geometry reminiscent of the proton
sponge one.13 The non-protonated and protonated minima are separated by a ∼2 kcal
mol−1 energy barrier, suggesting that a quantitative transformation from the higher to
the lower energy minimum at room temperature can occur. In agreement, the TDDFT
calculation has confirmed the origin of the red-shifted fluorescence observed and the stable
conformation calculated. Importantly, the absence of the LEF at 450 nm is predicted by
the rigidity of the 2PyH+-TT scaffold.

Conclusion

2Py-TT displays excitation-dependent emissive behavior comprising fluorescences and
phosphorescences in blended films and three different crystalline phases. In particular,
HEF, HEP, MEP and LEF components, all sharing molecular origin, together with LEPs
and DRP (aggregated RTPs), can be activated by proper excitation wavelength. This
color-tunable behavior derives from specific aggregation properties of the TT unit, from
the relative conformational freedom of the pyridinic pendant and the peculiar position of
its nitrogen atom in a synergistic cooperation. Strong π-π piling interactions among cyclic
triimidazole units and very short C-H· · ·N hydrogen interactions, grant high structural
rigidity providing the prerequisites for aggregate long-lived luminescence (red and deep
red RTPs) and molecular (blue and green RTPs, according to the symmetry of the involved
excited state) origin emission. The partial freedom of the pyridinic moiety is responsible
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not only for LEF, originated from a distinctive shape of the ground and excited state
PES, but also for multiple aggregate-derived RTPs, ascribed to the presence of different
aggregation motifs. Such an extremely rich photophysical behavior makes 2Py-TT a
promising platform for applications in information storage, security encryption, sensing
and display
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4.3 Pyrene TT-based Derivatives

The AIE/RTUP features of TT seems potentially interesting from a biological point of
view in which autofluorescence of cellular organelles and background interference can-
not be completely overcome.1–3 Experimentally, when using a strong intensity excitation
source, dye photobleaching, background interference and autofluorescence, are important
concerns.4 Autofluorescence in biological systems is due to the presence in the cellular
medium of emissive compounds (NAD, FAD, Porphyrins). Most of them display very
weak emissions which, however, can be amplified by high intensity source. These inter-
ferences can be removed by using a stable phosphorescent dye whose signal is freed from
prompt autofluorescence. Unfortunately, even if TT displays a very good emissive behav-
ior in crystalline phase, small aggregate dispersions in solvent/non-solvent media show
poor emissive properties with a weak fluorescence due to the amorphous nature of the
aggregates.5

In order to solve this problem and obtain highly emissive aggregates I have decided, to
couple TT with pyrene (Pyr), a traditional ACQ emitter suffering from excimer whose
formation could be inhibited by the presence of the TT fragment.6,7

4.3.1 Result and discussion

3-(pyren-1-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine (Pyr-TT) has been synthetized
by Suzuki Cross-Couplig reaction between Br-TT and 1-pyrenylboronic acid (Scheme
4.3).8,9

Scheme 4.3: Synthetic procedure for Pyr-TT

The compound crystallizes at RT into three different forms: Pyr-TT(RT), Pyr-
TT(Et) and Pyr-TT(Me) obtained by slow diffusion of non-solvent (Hexane, EtOH
and MeOH) in a DCM solution of the chromophore (see Figure 4.16)

Figure 4.16: X-ray crystal structures of Pyr-TT(RT) (Left) and Pyr-TT(Et) (Right).
For each box: Left: view of a single Pyr-TT molecule (ellipsoid drawn at 30 %); right:
view of molecular packing (hydrogen atoms are omitted for clarity) Reprinted with the
permission from Ref.10 © 2021 The Authors. European Journal of Organic Chemistry
published by Wiley-VCH GmbH
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Pyr-TT(RT) (monoclinic P21/c space group) and Pyr-TT(Et) (monoclinic C2/c
space group) crystals were suitable for X-Ray analysis while the quality of Pyr-TT(Me)
ones was not sufficient for a completely refined structure due to the easy loss of the solvent
at RT.

Pyr-TT(Et) asymmetric unit contains one Pyr-TT molecule and half EtOH molecule
disordered over two positions and interacting one by one with two Pyr-TT units through
hydrogen bond (O-H· · ·N interaction distance equal to 3.261(8) Å). In both crystals, TT
and pyrene are tilted with a similar dihedral angle (θ 49.31◦ and 46.79◦ for Pyr-TT(RT)
and Pyr-TT(Et) respectively). Pyr-TT(RT) crystals are characterized by a peculiar π
stacking arrangement with respect to the other members of the TT-family. In fact, usually,
TT-derivatives are characterized by stacking interactions between TT-units of adjacent
molecules.5,8,9,11–13 Differently, in Pyr-TT(RT), the TT unit of one molecule stacks in
between two Pyr units of neighbour molecules, with distances of 3.802 and 4.033 Å between
triazine and pyrene centroids, forming infinite columns of π-π stacking fragments (Figure
1). Therefore, the compound represents an interesting case to correlate photophysical
properties and π stacking arrangement. In Pyr-TT(Et), Pyr-TT molecules are aligned
along the crystallographic b direction in an antiparallel fashion resulting into columns
similar to those found in Pyr-TT(RT) with TT and pyrene moieties stacked in parallel
arrangement with triazine and pyrene centroids (Cg) having alternating distances equal to
3.780 and 3.978 Å. Such Cg· · ·Cg separations are therefore slightly longer Pyr-TT(RT)
than those found in Pyr-TT(Et).

In an attempt to prepare better crystals of Pyr-TT(Me) by thermal treatment,
crystals of a new phase, Pyr-TT(HT), have been isolated. Specifically, crystals of Pyr-
TT(HT) have been obtained by heating Pyr-TT(Me) microcrystals few grades below
the melting point (232◦C) and slowly cooling (0.2 ◦C/min) to room temperature.

Figure 4.17: X-ray crystal structures of Pyr-TT(HT). Top: view of a single Pyr-
TT(HT) molecule (ellipsoids are drawn at 30 %). Bottom: two views of the molecu-
lar packing (hydrogen atoms are omitted for clarity). Reprinted with the permission from
Ref.10 © 2021 The Authors. European Journal of Organic Chemistry published by Wiley-
VCH GmbH

Pyr-TT(HT) belongs to the Pna21 space group with one Pyr-TT molecule in the
asymmetric unit (see Figure 4.17). In this structure, the dihedral angle between mean
planes of TT and pyrene (52.78(6)◦) is slightly larger than that of Pyr-TT(RT), more-
over, the packing is completely different from that of the room temperature polymorph.
Specifically, in Pyr-TT(HT) the molecules form, along the crystallographic a direction,
columns where only the TT moieties face each other with a distance between centroids
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equal to 4.111 Å. The mean planes of two adjacent TT are not parallel, displaying a
dihedral angle of 8.22◦. The pyrene fragments of adjacent molecules protrude in opposite
directions.

DSC, TGA and VT-XRPD (variable temperature X-ray powder diffraction) have been
performed to better clarify the mechanism involved in the conversion of Pyr-TT(Et) to
de-solvated Pyr-TT(RT) and Pyr-TT(HT). The TGA trace reveals that Pyr-TT(Et)
starts to lose weight at temperature higher than 170◦C (b.p. of ethanol 79◦C), thus ex-
plaining the higher stability of this phase with respect to the methanol solvated one.

DSC shows a first endothermic transition at 166◦C (ethanol loss) and a second one
at 233◦C (melting of the desolvate phase) followed by an exothermic transition at 241◦C
(crystallization to the Pyr-TT(HT)) which, through cooling/heating, reveals as irre-
versible.

Thermal induced transformation of Pyr-TT(Et) to Pyr-TT(HT) through Pyr-
TT(RT) intermediate has been followed by VT-XRPD as reported in Figures 4.18. For-
mation of Pyr-TT(RT) starts at 140 ◦C, while that of Pyr-TT(HT) at 220 ◦C.

Figure 4.18: VT-XRPD monitoring of Pyr-TT(Et) crystals from RT to 280◦C. Reprinted
with the permission from Ref.10 © 2021 The Authors. European Journal of Organic
Chemistry published by Wiley-VCH GmbH

Based on these results, pure Pyr-TT(HT) has been prepared by thermal treatment
of the three room temperature phases at 220◦C for at least 30 minutes in air. Intriguingly,
Pyr-TT(HT) possesses the only non-centrosymmetric crystal structure among those ob-
tained for the compounds. Belonging to a non-centrosymmetric space group is the “con-
ditio sine qua non” to observe non-zero second order nonlinear optical (NLO) properties.
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Pyr-TT(HT) second harmonic generation (SHG) response, measured by a Kurtz-Perry
setup at 1064 nm non resonant wavelength, resulted 10 times higher than that of standard
urea. This good performance, together with the material optical transparency, suggests its
further implementation in the NLO field.

4.3.2 Photophysical behavior

Pyr-TT was photophysically characterized in all crystalline forms, in diluted solution and
PMMA blended films (Figure 4.19 Table 4.3). DMSO solutions (10−5-10−6 M) display at
RT two absorptions peaks (at 257, 268, 279 nm (ES2) and 332, 347 nm (ES1), respectively),
and an intense very broad fluorescence at 420 nm (Φ equal to 92%).

Figure 4.19: Pyr-TT in DMSO solution and PMMA 5% wt film. DMSO solution 10−5 M
at RT: normalized emission at λexc = 280 nm (red solid line); λexc = 346 nm (black solid
line); normalized excitation at λem = 420 nm (black dashed line); normalized absorption
(red dashed line). In PMMA (5 % w/w) at RT: normalized emission at λexc = 345 nm
(green solid line), normalized excitation λem = 397 nm (green dashed line)

Blended PMMA films (0.5 wt% and 5 wt%) show an intense fluorescence at 396 nm (Φ
about 75%) and excitation maxima at 277 and 344 nm. The similarity of the absorption
spectrum of pyrene itself with that of Pyr-TT in both solution and PMMA films, suggests
that the observed peaks can be ascribed to transitions of mainly pyrene character.

In view of clarifying the mechanisms involved in the compound’s photoluminescence,
DFT analysis of the isolated ‘gas-phase’ chromophore potential energy surface (PES) have
been performed. The analysis reveals two conformational minima in a very flat region,
corresponding to different orientation of pyrene with respect to the TT fragment, as
denoted by the C1-C2-C10-C11 torsion angle, Ψ (Figure 4.20).
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Figure 4.20: Scan of the relaxed potential energy surface of the S1 and S0 states of Pyr-TT
along the C1-C2-C10-C11 torsion angle Ψ (atoms in black) at the (TD)-ωB97X/6-311 +
+ G(d,p) level of theory. The optimized S0,HT (left) and S0,RT (right) conformations are
reported together with the corresponding absorption and emission paths (black and cyano
arrows, respectively). Energies are relative to the S0,HT equilibrium geometry.Reprinted
with the permission from Ref.10 © 2021 The Authors. European Journal of Organic
Chemistry published by Wiley-VCH GmbH

The more stable conformation (S0,HT , having optimized torsion angle τopt equal to
67.4◦), is the one observed in Pyr-TT(HT) (τcryst=48.8◦). The other conformation
(S0,RT , τopt=110.3◦), less stable by only 0.6 kcal/mol, corresponds to the one found in
Pyr-TT(RT) and Pyr-TT(Et) (τcryst=129.52 and 128.47◦, respectively). The TDDFT
electronic levels calculated in the two minima results in essentially the same set of excita-
tion energies, consisting in two lower energy transitions (S1, S2 calculated at 304 and 302
nm, respectively), a very weak intermediate transition (S3, at 249 or 251 nm for the two
conformation) and a strong high energy one (S4, at 237 nm), all involving MOs mainly
localized on pyrene.

Furthermore, the calculated energy difference (about 1.10 eV) between the strongly
allowed S4 and S1 (HT conformation) or S2 (RT conformation) transitions matches the
observed ES2- ES1 energy gap (0.94 eV). Optimization of S1 leads, for both conformations,
to a far less twisted geometry than that of the ground state (τopt from 67.4 to 41.5◦ for
S1,HT and from 110.3◦ to 138.5◦ for S1,RT ), to a greater conjugation between the TT
and Pyr fragments (shortening of the connecting bond from 1.478 to 1.435 and 1.425 Å,
respectively) and to calculated emissions from both relaxed S1 states at 370 (S1,HT ) and
384 nm (S1,RT ).

The broad fluorescence observed in solutions can therefore be associated with the flat-
ness of the S0 PES around the two minima which allows population of both conformations.
Differently, in PMMA the chromophore is frozen in the S0,HT absolute minimum resulting
in a narrower higher energy emission. The correlation between interchromophoric interac-
tions and emissive behavior has been investigated through solid state investigation both
on crystals (all phases)/powders and neat films.

Crystals of Pyr-TT(RT), Pyr-TT(Et) (Figure 4.21 Left) and Pyr-TT(Me) (Figure
4.21 Right), having similar chromophore’s arrangement inside the structure, possess similar
excitation and emission patterns (Φ = 38, 53 and 42% for Pyr-TT(RT), Pyr-TT(Et)
and Pyr-TT(Me), respectively), these latter comprising one fluorescence (at 491, 493
and 499 nm, respectively) and a low-energy phosphorescence (549, 555 and 550 nm) with
relative intensity depending on crystal dimensions.
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Figure 4.21: Normalized emission (full line) and excitation (dashed line) spectra at RT.
Left: Pyr-TT(Et) crystals. λexc = 300 nm (black line), λexc = 405 nm (red line), λexc =
495 nm (blue line); λem = 494 nm (black line); λem = 610 nm (blue line). Right: Pyr-
TT(Me) crystals. λexc = 300 nm (black line), λexc = 405 nm (red line), λexc = 498 nm
(blue line); λem = 498 nm (black line); λem = 550 nm (blue line).

Crystals of Pyr-TT(HT), possessing a structure macroscopically different from that
of the other phases, are characterized by a different photophysical behavior comprising
two fluorescences (a high energy fluorescence, HEF, with peaks at 420 and 450 nm, a low
energy fluorescence, LEF, with maximum at 480 nm) and one phosphorescence (at 550
nm) with relative intensity varying with crystal size (see Figure 4.22).

Figure 4.22: Normalized emission (full line) and excitation (dashed line) spectra of Pyr-
TT(HT) polycrystalline samples obtained from crystals of Pyr-TT(Et) (Left) and Pyr-
TT(RT) (Right) at RT. Left: λexc= 300 nm (green line), λexc= 440 nm (black line), λexc=
486 nm (red line); λem= 448 nm (green line), λem= 487 nm (black line), λem= 534 nm
(red line). Right : λexc= 300 nm (green line), λexc= 440 nm (black line), λexc= 480 nm
(red line); λem= 445 nm (green line), λem= 483 nm (black line), λem= 524 nm (red line).

More information on this regard have been acquired by the photophysical characteri-
zation of ground Pyr-TT(HT). After grinding (Figure 4.23 Left), HEF (almost the only
present) becomes predominant by exciting at high energy with lifetimes almost unaffected
by the grinding process (0.62 and 0.71 ns for unground and ground sample, respectively).
On the contrary, lifetimes of LEF are prolonged in the ground sample (1.99 and 3.46 ns for
unground and ground crystals, respectively) and those of the phosphorescence are reduced
(from 23.4 to 3.7 ms) suggesting that the triplet state can be more easily populated and
more stabilized in the unground samples. To acquire deeper knowledge on this behavior,
we have analyzed amorphous films prepared by melting (at 300◦C) and rapidly cooling
powders of Pyr-TT (Figure 4.23 Right). The film shows an intense fluorescence at 465
nm (largely blue shifted with respect to that of the PMMA blended film) and a hardly
discernible phosphorescence (534 nm) when exciting at low energy.
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Figure 4.23: Normalized emission (full line) and excitation (dashed line) spectra at RT.
Left: Ground Pyr-TT(HT) polycrystalline phase prepared from TTPyr(RT) crystals.
λexc= 300 nm (black line), λexc= 405 nm (green line), λexc= 490 nm (red line) Right:
Pyr-TT amorphous film λexc = 340 nm (black line), λexc = 470 nm (blue line); λem =
470 nm (black line), λem = 534 nm (blue line).

The excitation spectrum (Figure 4.23 Right) is characterized by absorption peaks at
265, 310 and 390 nm which are red shifted with respect to those observed in solution.

The observed results have been rationalized as follow:

1. in PMMA the chromophore is frozen in the conformation of minimum energy, S0,HT ,
resulting in the HEF from S1,HT ;

2. in solution, the flatness of the S0 PES is responsible for a broad fluorescence origi-
nated from S1,HT and S1,RT ;

3. in crystals of the three RT phases, characterized by strong π-π Pyr-TT intermolec-
ular interactions involving both TT and Pyr moieties, the chromophore is rigidified
in the S0,RT minimum. Therefore only the LEF from S1,RT is observed;

4. in crystals of Pyr-TT(HT), where mutual interactions are present only for the TT
moieties, the Pyr fragment possesses some conformational freedom which results in
emission from both S1,HT and S1,RT ;

5. for all phases, an easier ISC to a triplet state is observed for greater crystals as
supported by the longer fluorescence lifetimes in ground samples;

6. in the amorphous film, the high resolution of the excitation spectrum suggests the
presence of very small aggregates which give a broad fluorescence (due to both
conformations, as in solution) and a very weak phosphorescence.
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4.3.3 Biological Test

The interesting emissive properties of Pyr-TT aggregate materials could be exploited for
application in bio-imaging due to their long-lived emission, tunable emission range and
high quantum yields in all phases. Additionally, the triazinic functionality is frequently
used in the biological field14 as mimetic of purine moieties.15 Therefore, we investigated
the potentiality of TT scaffold as a carrier through the cell membrane. Following this
aim, the AIE features of Pyr-TT have been investigated by adding increasing amounts of
non-solvent (water) to DMSO Pyr-TT solution keeping fixed the concentration at 10−5

M (Figure 4.24).

Figure 4.24: Emission spectra of Pyr-TT 10−5 M) in DMSO/H2O mixtures with different
water fractions (fwater%) at RT. Left: λexc = 340 nm, right: λexc = 405 nm). Reprinted with
the permission from Ref.10 © 2021 The Authors. European Journal of Organic Chemistry
published by Wiley-VCH GmbH

Excitation of these suspensions with 340 nm wavelength produces a blue shift of emis-
sion from 420 to 400 nm by increasing the water amount up to 70% v/v. Higher fractions of
water result in a partial quench of the emission. Moreover, in the 90-99% v/v water-DMSO
mixtures a low-energy fluorescence (τav = 25.66 ns) at 480 nm (Figure 4.25) appears in
the spectrum. Irradiation at 405 nm reveals that such low energy component is actually
already present with higher intensity at 80% water content. Such aggregate induced fluo-
rescence appears very similar to the one observed for cast films and, due to its position,
seems suitable to be tested for bacteria and cell imaging.

Figure 4.25: Pyr-TT aggregates in DMSO/H2O (10/90 v/v) 10−5 M at RT. Left: Nor-
malized emission spectra of λexc = 346 nm (red line); λexc = 405 nm (black line); right:
Normalized excitation spectra λem = 398 nm (red line); λem = 480 nm (black line).
Reprinted with the permission from Ref.10 © 2021 The Authors. European Journal of
Organic Chemistry published by Wiley-VCH GmbH
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To investigate the subcellular location of Pyr-TT aggregates, cell experiments have
been carried out. Confocal laser scanning microscopy (CLSM at concentration 10 µM) and
colocalization experiment, employing HeLa and HLF cells, have revealed that Pyr-TT can
easily enter the cell and locate at various organelles where important cellular processes
occur (in Figure 4.26 and 13 results from HeLa and HLF cells treatment).

Figure 4.26: HeLa (Left Box) and HLF (Right Box) cells co-staining experiment. For each
box: A) MitoTracker Deep Red. B) LysoTracker Green DND 26. C) Pyr-TT 10 µM.
D) Bright field. E) On screen axial fluorescent intensity of Pyr-TT, MitoTracker and
LysoTracker. F) The fluorescence intensities of MTDR, LTG, Pyr-TT along the axis.
Reprinted with the permission from Ref.10 © 2021 The Authors. European Journal of
Organic Chemistry published by Wiley-VCH GmbH

Moreover, Pyr-TT can stain also bacteria like S. Aureus and E. Coli within 60 min
incubation highlighting that the chromophore can label both eukaryotic and prokaryotic
cells line at low concentration, making it a suitable probe for sensing intracellular en-
vironment (Figure 4.27 Left). MTT assay has been used to measure the biocompatible
properties of Pyr-TT. The chromophore displays distinct cytotoxicity towards cancers
other than normal cells (10 µM solution is able to kill 70% of HeLa cells, see figure 4.27
Right).

Figure 4.27: Left: Confocal Laser Scanning Microscope (CLSM) images of bacteria stained
with 100 µM Pyr-TT for 60 min. (A-C) S. aureus. (D-F) E. coli. Scale bar: 5 µm. Left:
Cell viability of HeLa cells and HLF cells treated with different concentrations of Pyr-
TT. Reprinted with the permission from Ref.10 © 2021 The Authors. European Journal
of Organic Chemistry published by Wiley-VCH GmbH
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4.4 Mono-, Di-, Tri-Pyrene Substituted Cyclic Triimida-
zole: A Family of Highly Emissive and RTP Chromophores

Following the synthetic procedure reported for Pyr-TT16, 3,7-di(pyren-1-yl)triimidazo[1,2-
a:1’,2’-c:1”,2”-e][1,3,5]triazine, Pyr2-TT, and 3,7,11-tri(pyren-1-yl)triimidazo[1,2-a:1’,2’-
c:1”,2”-e][1,3,5]triazine, Pyr3-TT, have been prepared by Suzuki cross-coupling reaction
between commercial 1-pyrenylboronic acid and either Br2-TT or Br3-TT (Scheme 4.4).
The compounds have been purified and recrystallized but, unfortunately, any attempt to
obtained crystals suitable for X-ray structural characterization has failed.

Scheme 4.4: Synthesis of Pyr2-TT and Pyr3-TT

4.4.1 Photophysical analysis

Pyr2-TT and Pyr3-TT have been photophysically characterized both in diluted solutions
and solid state by means of steady state and time-resolved experiments, and compared
with Pyr-TT (Table 4.4). Absorption spectra of the three compounds in diluted solution
(Figure 4.28) show two absorption bands at 257, 268 and 279 (ES2) and 332, 347 (ES1)
for Pyr-TT, Pyr2-TT and Pyr3-TT respectively with a molar absorption coefficient
ϵ (computed at 347 nm) equal to 34,849, 46,408 and 84,443 M−1 cm−1 for the three
species, respectively. The similarity with the absorption of pyrene itself suggests a major
contribution of the pyrene moiety as also supported by theoretical calculation.
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Figure 4.28: Absorption spectra of 2.5x10−6 M DMSO solution of Pyr-TT (blue line),
Pyr2-TT (red line) and Pyr3-TT (black line). In the onset: normalized spectra of Pyr-TT
(blue line), Pyr2-TT (red line) and Pyr3-TT (black line).Reproduced with permission
from Ref.17

Besides, the three compounds display in solution perfectly overlapping excitation and
emission spectra (Figure 4.30), this latter characterized by a very intense fluorescence (420
nm) with Φ decreasing in the order mono-, di-, tri-substituted derivative (92, 78 and 74
% respectively). Comparison with the efficiency of pyrene in the same conditions (Φ =
33.4 %) reveals the positive effect of the TT moiety in reducing the ACQ phenomena
which affect pyrene emission. Such effect is higher than that reported in the literature for
different substituted-pyrene families. For example, DCM solutions of di- and tri-pyrene
derivatives of carbazole and mono-, di- and tri-pyrene functionalized adamantane display
Φ equal to 94 and 72%18 and 17, 19 and 19%,19 respectively.

Figure 4.29: Normalized emission (λexc = 350 nm, solid lines) and excitation (λem = 420
nm, dashed lines) spectra of 5 x 10−6 M DMSO solutions at 298 K of Pyr-TT (blue line),
Pyr2-TT (red line) and Pyr3-TT (black line). Reproduced with permission from Ref.17

Close inspection of the optical properties have been performed to understand the origin
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of quantum yield decreasing in Pyr2-TT and Pyr3-TT with respect to Pyr-TT. By
focusing on the 347 nm absorption, in the three TT derivatives show a macroscopic red
shift and broadening of the band respect to pyrene. Moreover, in the di- and tri-substituted
compounds, the absorption band is slightly red shifted and widened in comparison with
Pyr-TT.

DFT/TDDFT studies suggested that such band is the sum of different transitions.
In particular, for pyrene and Pyr-TT two set of transitions (at 301 and 294 for pyrene
and 301 and 294 nm for Pyr-TT) with increasing of oscillator strength (f = 0.0003 and
0.347 for the two absorptions of pyrene and f = 0.060 and 0.498 for Pyr-TT) have been
computed. The experimental red shifting and broadening of the Pyr-TT band has been
justified with a bathochromic displacement of the stronger transition and intensification
of the low energy one. Moving along the pyrenic-TT family, for Pyr2-TT four transitions
were computed in the same region (306, 304, 303 and 301 nm with f = 0.380, 0.101,
0.066 and 0.455 respectively) causing additional broadening of the peak associated with
very small red shift with respect to Pyr-TT. Optimization of the Pyr2-TT structure
resulted in more conformations of similar energy due to the flatness of the potential energy
surface associated with the rotation of pyrene with respect to TT. These conformations are
featured by the same transition positions but different oscillator strength which contribute
to a further broadening of the peak. Analogous results should be expected for Pyr3-TT
which was not submitted for theoretical calculation due to the high computational cost
required by the highly increased number of conformational freedom degrees. In line with
Pyr-TT, geometry optimization of both Pyr2-TT excited state conformations established
that in S1 there is a reduced molecular twisting which produces a large energy separation
from higher excited states and almost the same energy position (λem = 372 nm), orbital
composition (HOMO-LUMO with 93% weight) and oscillator strength with respect to the
mono substituted derivative (λem = 370 nm, HOMO-LUMO with weight 94 % and f =
0.698). Based on the strict similarity between Pyr-TT and Pyr2-TT at molecular level,
minor ACQ phenomena should be taken into account for Pyr2-TT and Pyr3-TT. These
results are in line with ones obtained by other pyrene families reported in literature.18

The three compounds are good emitters also in the solid state (emissive spectra of
Pyr2-TT and Pyr3-TT are reported in Figure 16, Φ = ), a result that supports the posi-
tive role played by the TT moiety. Emission spectra display one fluorescence (475, 490 and
476 nm for Pyr-TT, Pyr2-TT and Pyr3TT respectively) and one long lived emission
(514, 528 and 522 nm, respectively) selectively activable with long wavelength excitation
(480 nm) with lifetimes equal to 5.19, 20.54 and 40.62 ms for the three compounds respec-
tively. Based on the deep investigation performed on Pyr-TT, the long-lived emission has
been ascribed to both easy ISC between singlet and triplet states with almost overlapped
levels and rigidification of the system induced by interchromophoric interactions able to
deactivate non-radiative relaxation pathways. The longer lifetime of Pyr3-TT emission
suggests, for this compound, a larger number of interactions in the solid state with respect
to the other members of the family.
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Φ λem τav kr knr

% (nm) (107 s−1) (107 s−1)

Pyrene DMSO (2.5 x 10−6M) 33.4 374 94.15 ns 0.36 0.707

Pyr-TT
DMSO (10−5 M) 92 420 2.76 ns 33.30 2.9

Powders 54
475 2.15 ns 25.10 21.4
514 5.19 ms

Pyr2-TT
DMSO (2.5 x 10−6M) 78 419 9.22 ns 8.46 2.39

Powders 40.2
490 4.64 ns 8.66 12.9
528 20.54 ms

Pyr3-TT
DMSO (2.5 x 10−6M) 74.4 422 11.16 ns 6.67 2.29

Powders 36.9
476 5.12 ns 7.21 12.3
522 40.62 ms

Table 4.4: Photophysical parameters of Pyrene, Pyr-TT, Pyr2-TTand Pyr3-TTat 298
K

Figure 4.30: Normalized emission spectra (λexc = 350 nm solid line, λexc = 480 nm dashed
line) of powders of Pyr2-TT (red) and Pyr3-TT (black) at 298 K. Reproduced with
permission from Ref.17

4.4.2 Conclusion

Four different crystalline forms of Pyr-TT have been isolated and characterized through
both X-Ray and thermal analysis. Three of them have been obtained at room temper-
ature and one through a melting-crystallization process. The three RT phases display
similar crystal structure (with TT/Pyr stacking interactions) and, therefore, similar pho-
tophysical behavior comprising one fluorescence and one phosphorescence. Intriguingly,
the high temperature form shows a different packing (only TT/TT stacking interactions
are present) which impacts on its emissive behavior showing dual fluorescence and single
phosphorescence. These results have been interpreted on the basis of the conformational
freedom shown by the dye in the ground state, as supported by DFT/TDDFT calculations.

Bioimaging experiments indicate that Pyr-TT can enter cells easily and locate at the
cytoplasm.

Comparison among Pyr-TT family Pyr2-TT and Pyr3-TT shows that fluorescence
quantum yields in diluted solution decreases with increasing the pyrene units, while the
solid state phosphorescence lifetime increases in the same order as the result of higher
system rigidity provided by interchromophoric interactions.
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4.5 Application Of Pyrene-TT To The Detection Of Nitro-
Aromatic Compounds

The current and recurrent geopolitical instability and the constant threat of criminal or
terrorist acts with explosive devices calls for rapid and reliable detection methods specific
for low amounts of energetic hazardous chemicals and their precursors. In particular, 2,4,6-
trinitrotoluene, TNT, is still widely utilized as a blasting agent not only in controlled explo-
sions for peaceful purposes, but also in illicit activities. Moreover, TNT and its degradation
by-products are persistent pollutants, recalcitrant to spontaneous self-decontamination,
and often pose problems in terms of long-lasting pollution in explosive manufacturing in-
dustrial facilities, obsolete arsenals, unexploded landmines, military proving grounds or
areas where war combats took place.1–3 Along with TNT, other nitroaromatic compounds
(NACs) such as 2,4-dinitrotoluene (DNT) or 2,4, 6-trinitrophenol (also known as picric
acid, PA) are common components of industrial explosives,4,5 or as a component in dyes
and pharmaceutical formulations.6 In the search for low-cost and user-friendly sensors, the
development of fluorescent materials has emerged as a promising strategy due to the high
sensitivity, selectivity, short response time, and the possibility to work both in solution
and solid phase.7,8 It has been extensively shown that the pyrene moiety is a powerful
building block to assemble molecules,9,10 polymers,11 nanoaggregates12–14 and 2D15 or
3D16,17 structures for sensing of nitroaromatic compounds. These features arise from π-π
stacking between electron rich pyrene and electron poor nitroaromatics.9–16,18–24 Based
on these literatures, we have decided to test Pyr-TT as single-molecule fluorescent probe
for explosives by means of fluorescence-quenching titration experiments. A large number
of highly energetic molecules and explosives has been tested (see Scheme 4.5), comprising
various nitrotoluenes and nitrophenols, ammonium nitrate (AN) pentaerythritol tetran-
itrate (PETN) cyclotrimethylentriamine (RDX) in the form of plastic explosive C4 and
nitro-glycerine (NG) in the form of dynamite.

Scheme 4.5: Summing of tested NACs

4.5.1 Results and Discussion

Incremental addition of NACs to Pyr-TT in DMSO (1.0 × 10−5 M) results in a strong
quenching of the compound’s fluorescence at 420 nm (see Figure 4.31a where TNT is
reported as an exemplar). The quenching ability of Pyr-TT follows the trend: PA > 4NP
> 2NP > 3NP > TNT > DNT >3NT ∼= 2NT > 4NT, with attenuation range of about 98 -
18% in the presence of 50 eq of explosive. However, no quenching effects are detected in the
presence of aliphatic and inorganic energetic molecules (NG, Figure 1b, PETN, RDX and
AN). Nitrophenols show an anomalous quenching behavior (in Figure 4.31c 4NP is reported
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as an exemplar) due to secondary inner-filter phenomena13: the absorption of the 420 nm
emission of Pyr-TT by energetic compounds absorbing in the blue region (in Figure 4.31c
the absorption spectrum of 4NP, having a maximum at 435 nm, is superimposed to the
emission one of Pyr-TT). Therefore, when dealing with such analytes, the investigation
has to be performed in spectral regions freed from secondary inner-filter effect: regions
where analyte’s absorption is not overlapped to Pyr-TT emission.

Figure 4.31: a) Quenching of Pyr-TT emission by TNT: spectra collected by exciting at
350 nm the 1.0 × 10−5 M DMSO solution of Pyr-TT starting from 0 (black line) up to
50 equivalents of TNT (green line); b) emission spectra (λexc = 350 nm) of 1.0 × 10−5 M
DMSO solutions of Pyr-TT without and with increasing amount (up to 50 equivalents)
of NG; c) Black lines: emission spectra (excitation wavelength 350 nm) of 1.0 × 10−5 M
DMSO solutions of Pyr-TT without and with increasing amount (up to 20 equivalents)
of 4NP. Red line: absorption spectrum of 4NP (1.0 × 10−5 M) in DMSO; d) Stern-Volmer
plots of Pyr-TT with explosives. NACs Reprinted with permission from ref.25© 2022
Elsevier Ltd. All rights reserved

Evaluation of the quenching strength has been carried out through the following Stern-
Volmer (SV) fluorescent titration relationship:

I0
I

= 1 + kSV [Q]

where I0 and I are the observed emission intensities without or with quencher, respec-
tively, [Q] is the concentration of the quencher and KSV is the SV constant ([M−1]). KSV

values, extracted by plotting I0/I vs [Q], are related with the strength of the quenching
interactions: higher values correspond to stronger interactions. For most of the analytes,
SV plots have been obtained at the 420 nm emission maximum of Pyr-TT, but due
to inner filter artefacts, for nitrophenols, data have been collected at different emission
wavelengths (at 490 nm for PA, 2NP and 3NP and at 500 nm for 4NP) at the expenses
of sensitivity. This result into an upward curvature (lower intensity of emission produces
instrumental artifacts) of the SV plots at high NPs concentration rather than the linear
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relationship observed for the other analytes (Figure 4.31d).
To bypass Pyr-TT limitation as sensor for nitrophenols, the use of Pyr-TT(CHO)2

has been considered as a possible valid alternative. Pyr-TT(CHO)2 can be prepared by
lithiation of Pyr-TT with n-butyllithium followed by quenching with DMF and cleavage
with water.

Scheme 4.6: Preparation of Pyr-TT(CHO)2

The presence of two electron withdrawing carbonyl groups results in an increase of the
compound’s dipole moment (from that computed in DMSO for Pyr-TT, µDMSO, equal
to 1.12 D to that computed for Pyr-TT(CHO)2, µDMSO = 5.88 D). Electrostatic poten-
tial of Pyr-TT(CHO)2, plotted on the isodensity surface of electron density, displays a
negative potential region located on pyrene (see inset of Figure 4.32).

Figure 4.32: Schematic representation of the low energy absorption and emissions of
PyrTT(CHO)2 in Toluene (Left) and DMSO (Right), together with plots of the orbitals
mainly involved in the excitations in DMSO (very similar plots are obtained in toluene). In
the insets, DMSO optimized geometry (Left) and electrostatic potential (Right), mapped
on the isosurface (0.001 a.u.) of electron density. Values of electrostatic potential range
from - 0.025 (red) to 0.025 (blue) a.u. Reprinted with permission from ref.25 © 2022
Elsevier Ltd. All rights reserved

From comparison of the electrostatic potential maps of Pyr-TT and Pyr-TT(CHO)2,
it is evident in the former compound, a much more extended negative area on pyrene, fea-
tured by higher (in magnitude) values (maxima on the pyrene envelop are -0.065 and
-0.046 a. u. for Pyr-TT and Pyr-TT(CHO)2, respectively).

Pyr-TT(CHO)2 has been photophysically characterized in 10−5 M diluted solutions
of either DMSO or toluene. DMSO solutions (Figure 4.33) show two absorption peaks (at
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280 nm with a shoulder at 270 nm and 333-348 nm, ascribed to (π, π*) transitions mainly
located on TT(CHO)2 and Pyrene fragments, respectively) and a broad fluorescence
(565 nm), together with a weak structured fluorescence (392, 410 nm, absolute quantum
yield, Φ, equal to 3%, τav = 2.76 ns).

Figure 4.33: Normalized excitation (dashed line) and emission (continuous line) spectra of
Pyr-TT(CHO)2 1.0 × 10−5 M in Toluene (blue lines, λem = 420 nm, λex = 350 nm) and
DMSO (λem = 565 (black line) and 412 nm (red line), λexc = 330 nm); sharp peaks at 364
and 367 nm in the excitation and emission spectrum, respectively, are Raman bands of
DMSO; inset, normalized absorption spectra in DMSO. Reprinted with permission from
ref.25 © 2022 Elsevier Ltd. All rights reserved

Interestingly, Toluene Pyr-TT(CHO)2 solutions (Figure 4.33) show an absorption
spectrum almost superimposable to that in DMSO but a blue-shifted and narrower fluo-
rescence (436 nm, Φ = 5%). The simulated DFT/TDDFT absorption spectra of DMSO
and toluene Pyr-TT(CHO)2 solutions are characterized, in agreement with experimental
results, by two main bands (separated by about 0.90 eV) which result from the convolution
of several transitions, among which the ones featured by large oscillator strength, f, are
characterized by (π, π*) character and are located either on Pyrene (lower energy band)
or on TT(CHO)2 (higher energy band). Focusing on the low energy region (see Figure
4.32), three almost overlapped states are calculated for both solvents at about 310 nm. Of
the three states, one is the strong (π,π*) and two are almost silent (f ∼ 0 ) states with
mixed (n/π,π*) character with strong formyl group contribution.

To disclose the origin of the emissions, the optimized geometries of the (π,π*) and
the lower energy mixed (n/π,π*) excited states along their own potential energy surface
have been optimized for both solvents. In DMSO (see Figure 4.32, Right), the (π,π*) state
undergoes a large electronic rearrangement associated with increased intramolecular con-
jugation and large red shift of the relaxed state, calculated at 412 nm. On the other side,
the mixed (n/π,π*) relaxed geometry appears almost unvaried in comparison with the
ground state one and lies at much higher energy (computed at 343 nm). However, calcula-
tions in toluene (see Figure 4.32 Left) results in an opposite trend with a reduced red shift
for the relaxed (π,π*) state, computed at 390 nm, and the (n/π,π*) at 356 nm. Based on
this observations, it is reasonable to assign the experimentally observed dual fluorescence
to the different character of the two emissive states. Their large energy separation (about
0.9 eV) in DMSO, allows radiative deactivation from both states, with a considerably
higher intensity for the (π,π*) transition than that of the weakly allowed (n/π,π*) one.

109



Pyr-TT Pyr-TT(CHO)2
Explosive KSV (M−1) LOD (µM) KSV (M−1) LOD (µM)

RDX 2.30E+02 113 1.66E+02 164

PETN 1.74E+02 114 -1.15E+01 /

NG (dynamite) 2.00E+02 126 2.17E+01 880

AN 1.89E+02 120 1.54E+02 146

2NT 1.71E+03 18.15 4.70E+02 41.62

3NT 2.57E+03 17.00 5.34E+02 30.50

4NT 9.75E+02 28.41 5.79E+02 29.57

DNT 1.31E+03 18.46 1.06E+03 31.76

TNT 2.17E+03 8.20 1.45E+03 10.27

2NP 3.48E+03 12.56 4.86E+03 3.66

3NP 1.81E+03 24.13 4.90E+03 7.58

4NP 8.99E+03 4.87 1.12E+04 2.53

PA 1.46E+04 2.85 1.25E+04 2.76

Table 4.5: List of the Stern-Volmer constants and LODs obtained on intensity data at 420
nm for Pyr-TT and 565 nm for Pyr-TT(CHO)2, (λexc = 350 nm). For the data set of
Pyr-TT with PA, 3NP and 2NP data are calculated on the emission intensity at 490 nm
while for 4NP at 500 nm in order to minimize secondary inner filter effect. Reprinted with
permission from ref.25 © 2022 Elsevier Ltd. All rights reserved

The energy difference of the two states in toluene is, on the other side, too small and only
the predominant (π,π*) emission is observed. The increase in Φ on going from DMSO to
toluene is in agreement with the energy gap law forecasting a more competitive internal
conversion processes in the DMSO. Pyr-TT(CHO)2 does, as expected, represent a good
alternative to Pyr-TT because of its red shifted fluorescence which is not prone to be
absorbed by blue absorbing analytes (nitrophenols) thus deleting the inner-filter effect.
Pyr-TT(CHO)2 DMSO diluted solutions have been tested with the entire explosives
series giving results very similar to those observed for Pyr-TT, and reliable also for ni-
trophenol as supported by SV plots determined on the emission maximum (565 nm, see
Table 4.5 and Figure 4.35c).

As reported in Table 4.5 and Figure 4.34a and 4.34c, non-NACs explosives provide
much lower quenching constant than NACs. The weakly negative constant observed for
PETN with Pyr-TT(CHO)2 as probe can be justified by a substantially null interac-
tion. Moreover, Pyr-TT(CHO)2 display an almost 10 times stronger interaction with
nitrophenols in comparison with nitrotoluenes. PA displays the strongest interaction with
both Pyr-TT and Pyr-TT(CHO)2 (KSV equal to 1.46 x 104 and 1.25 x 104 M−1,
Figure 4.34a and 4.34b, respectively). Quenching phenomena can be visualized through
photographs displayed in Figure 4.35 where 1.0 x 10−5 M solutions of Pyr-TT (Left) and
Pyr-TT(CHO)2 (Right) are treated with different amounts of PA.
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Figure 4.34: a) Stern-Volmer constants, KSV , of Pyr-TT(CHO)2 with explosives; b)
Pyr-TT(CHO)2 emission quenching efficiency of explosives at various concentrations
(0, 10, 20, 30, 40 and 50 equivalents); c) Stern-Volmer constants, KSV , of Pyr-TT with
energetic materials; d) decay curves of Pyr-TT at different concentration of TNT showing
no change in experimental lifetime. NACs Reprinted with permission from ref.25 © 2022
Elsevier Ltd. All rights reserved

Limits of detection (LODs) in the µM range, reported in Table 1, have been calculated
with the 3σ method,26 where LOD = 3σ/K with σ being the I0/I0 error calculated from
standard deviation of the blank and K the KSV . LODs are coherent with ones found for
other pyrene-based explosive sensors.9 In the present study we have also investigated the
mechanism involved in the quenching process. It is well known that static quenching implies
a sensor-analyte interaction in the ground state. This result in a non- or differently emissive
complex. According to this mechanism, only non-complexed sensor molecules can emit,
when excited, with unperturbed lifetime. Contrarily, in dynamic quenching, the analyte-
sensor interaction occurs in the excited state resulting in reduced excited state lifetime.
Therefore, to discriminate between the two mechanisms time-resolved measurements have
been performed (Figure 4.34d). Pyr-TT DMSO 10−5 M solutions have been used for
lifetime measurements in the absence and in the presence of variable concentration of PA
or TNT. These two chosen as analyte models due to their high binding affinities with the
dye. No variation of lifetimes has been observed (τav, 2.76 ns) also at very high quencher
concentration (up to 500 µM for TNT, 50 eq, see Figure 4.34d, and 100 µM, 10 eq, for
PA).
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Figure 4.35: The effect of PA (0; 1.0; 5.0; 10.0 × 10−5 M from Left to Right) on the
emission of 1.0 × 10−5 M Pyr-TT (Left) and 1.0 × 10−5 M Pyr-TT(CHO)2 (Right).
Photographs are taken under a 366 nm UV irradiation. Reprinted with permission from
ref.25 © 2022 Elsevier Ltd. All rights reserved

This behavior supports the formation of a quencher-fluorophore supramolecular non-
emissive adduct (dark complex) whose formation constant correspond to the KSV of I0/I
vs [Q] plots.

UV–vis absorption titration experiments of Pyr-TT DMSO solution in the presence
of PA do not display any signal possibly related to the formation of an analyte/sensor
supramolecular adduct.

However, evidence of formation of an analyte-sensor complex has been obtained by 1H
NMR spectra and elemental analysis on a red powder precipitated from a Pyr-TT/PA
acetonitrile (ACN) solution. Characterization of the powder unequivocally revealed a Pyr-
TT:PA = 2:1 stoichiometry (CHN composition, calculated: 65.6% C; 3.1% H; 20.5% N;
found: 65.7% C; 3.3% H; 20.4% N). Moreover, 1H NMR spectra have allowed to exclude any
kind of analyte-sensor chemical reaction opening to the use of Pyr-TT and its derivatives
as reusable sensors. Remarkably, a sensor-analyte 2:1 stoichiometry has been obtained
through a Job’s plot via fluorimetric analysis (Figure 4.36).

Figure 4.36: Left: Stern-Volmer plot of Pyr-TT quenched by TNT. Black line from in-
tensity; red line from lifetime. Center: Job’s plot for the interactions between PA and
Pyr-TT (Center) or Pyr-TT(CHO)2 (Right). χ is the molar fraction of Pyr-TT or
Pyr-TT(CHO)2. Reprinted with permission from ref.[31] © 2022 Elsevier Ltd. All rights
reserved

Job’s plots of Pyr-TT/TNT (Figure 4.36) and Pyr-TT(CHO)2/PA adduct disclose
different supramolecular stoichiometries, however the 2:1 stoichiometry of the Pyr-TT/PA
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adduct has been corroborated by single crystal X-ray diffraction analysis carried out on
small crystals precipitated from an can Pyr-TT/PA (2/1) concentrated solution. The
asymmetric unit of the Pyr-TT/PA co-crystal structure comprises two molecules of Pyr-
TT which encapsulate in a sandwich style a molecule of PA interacting through hydrogen
bond and π-π stacking (Figure 4.37).

Figure 4.37: View of the asymmetric unit of the crystal structure of Pyr-TT/PA con-
taining one PA and two Pyr-TT molecules. The three molecules are involved in bi-
furcated hydrogen bond between the hydroxyl hydrogen of PA and O2 (intramolecular,
O1· · ·O2 = 2.601 Å) and N12 (intermolecular, O1· · ·N12 = 2.879 Å) atoms, and in Pyr-
TT· · ·PA· · ·Pyr-TT stacking interactions. Hydrogen atoms, except the hydroxyl one,
are omitted for clarity, ellipsoids are drawn at 30% of probability level. Reprinted with
permission from ref.[31] © 2022 Elsevier Ltd. All rights reserved

Crystal packing analysis shows the formation of columnar aggregates showing the
· · ·Pyr-TT· · ·PA· · ·Pyr-TT· · ·Pyr-TT· · ·PA· · ·Pyr-TT· · · motif. Stacking interactions
are developed between two pyrene moieties and a molecules of picric acid forming the
aggregate with TT that point outside in the same side of column. Distances between
pyrene and PA geometric centroids are very short (3.415 and 3.517 Å) as a consequence
of different electronic nature of the two fragments: pyrene acts as donor while PA benzene
ring is the electron poor system. This result is summarized in Figure 4.32. Moreover, the
larger negative electrostatic potential area of Pyr-TT with respect to Pyr-TT(CHO)2
indicate that a stronger interaction within the Pyr-TT/PA adduct in comparison with
the Pyr-TT(CHO)2/PA one, justifying the better performance of the former for the NT
series detection (see Table 4.5).

4.5.2 Conclusion

Pyrene chromophoric performances can be enhanced through functionalization with cyclic
triimidazole opening to a new family of sensors for highly energetic and explosive com-
pounds through fluorescence quenching. The sensor-analyte interaction, measured through
Stern-Volmer analysis, increases in the order: aliphatic and inorganic explosives < nitro-
toluenes < nitrophenols, resulting in the strongest response for PA. Time resolved studies
suggest a static quenching mechanism for NACs and, in the case of Pyr-TT/PA, the
corresponding dark complex with 2:1 stoichiometry has been isolated and characterized.
The presence of aldehydic groups in Pyr-TT(CHO)2 results in dual emission in DMSO
originated from (π,π*) and (n,π*) states with the former strongly red-shifted with respect
to Pyr-TT. This feature allows to overcome inner filter effects observed for nitrophenols
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with Pyr-TT.

114



Bibliography

[1] Banchhanidhi Prusti and Manab Chakravarty. An electron-rich small aiegen as a
solid platform for the selective and ultrasensitive on-site visual detection of tnt in the
solid, solution and vapor states. Analyst, 145:1687–1694, 2020. ISSN 0003-2654. doi:
10.1039/C9AN02334H. URL http://dx.doi.org/10.1039/C9AN02334H.

[2] B B Barnes and N H Snow. 3.44 - Recent Advances in Sample Preparation for
Explosives. Academic Press, 2012. ISBN 978-0-12-381374-9. doi: https://doi.
org/10.1016/B978-0-12-381373-2.00119-8. URL https://www.sciencedirect.com/

science/article/pii/B9780123813732001198.

[3] Wenyue Dong, Qihang Ma, Zhihua Ma, Qian Duan, Xiaoling Lü, Nannan Qiu,
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4.6 Dual Fluorescence and RTP Stimuli-Responsive Fea-
tures of Carbazole-Cyclic Triimidazole Derivatives

Among chromophoric fragments, carbazole, Cz, and its derivatives has been deeply inves-
tigated due to their coplanar configuration that favors electron communication or charge
carrier mobility.1 It has been reported that commercially available Cz is mixed with
traces of its isomer (1H -benzo[f ]indole), which is demonstrated to be involved in the orig-
ination of carbazoles RTUP.2,3 On one side, this important discovery further supports
the well-known issue of using highly purified uncontaminated samples when investigat-
ing luminescent properties of materials and, on the other side, it has stimulated fur-
ther research on pure carbazole RTP derivatives.4,5 Herein, it is described the synthesis,
structures and photophysical characterization of three TT-carbazole compounds, specif-
ically 3-(9H -carbazol-9-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, TT-(N)-Cz, 3-
(9-ethyl-9H -carbazol-3-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, TT-(C)-Cz and
3-(4-(9H -carbazol-9-yl)phenyl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, TT-Ph-Cz (Scheme
4.7). Photophysical characterization in solutions, blended PMMA films and crystals, in-
cluding different phases of TT-(N)-Cz and TT-Ph-Cz is reported. Through X-ray
diffraction analysis, DFT and TDDFT calculations and spectroscopic investigations, the
origin of the mechano-responsive dual fluorescence and phosphorescence of TT-(N)-Cz,
of the single fluorescence and phosphorescence of TT-(C)-Cz and multi stimuli-responsive
dual fluorescence and dual phosphorescence of TT-Ph-Cz, are interpreted. Nanoaggre-
gates of TT-Ph-Cz prepared from solvent/non-solvent mixture are characterized by RTP
features opening to their bioimaging exploitation.

Scheme 4.7: Chemical structures of TT-(N)-Cz, TT-(C)-Cz and TT-Ph-Cz.

4.6.1 Results and Discussion

The three compounds have been synthetized starting from Br-TT either through Ullmann-
type Cu(I) catalyzed reaction with carbazole (Cz), in the case of TT-(N)-Cz,6 or by
Suzuki cross-coupling Pd0 catalysed reaction, with the corresponding boronic acid pina-
col ester carbazole derivative, in the case of TT-(C)-Cz and TT-Ph-Cz (Scheme 4.7).
Colorless crystals of all compounds were obtained from DCM/MeOH or DCM/hexane
solutions. TT-(N)-Cz crystallizes in two polymorphs, namely pseudo-rhombic laminae
TT-(N)-CzM (monoclinic P21/c space group), selectively obtained from DCM/hexane,
and needle crystals TT-(N)-CzT (triclinic P-1 space group), obtained as prevailing com-
ponent together with the other polymorph from DCM/MeOH solutions and manually iso-
lated under an optical microscope. TT-(C)-Cz forms long parallelepipeds (orthorhombic
Pna21), while TT-Ph-Cz crystallizes as very thin needles with cocrystallized methanol
molecule, TT-Ph-CzM (monoclinic C2/c) (Figure 4.38). TT-(N)-CzT and TT-(C)-
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Cz show two independent molecules in their asymmetric unit, labelled as A and B. In
both polymorphs of TT-(N)-Cz, TT and Cz are almost orthogonal, as indicated by the
dihedral angle θ between their least-squares (l.s.) planes, measuring 82.4◦ in TT-(N)-
CzM, and 71.9/79.6◦ (for A/B molecules) in the TT-(N)-CzT. On other hand, for the
two independent molecules of TT-(C)-Cz, θ measures 34.2 (A) and 37.8◦ (B), while in
TT-Ph-CzM the TT and Cz moieties are almost coplanar (θ = 9.5◦), with the central
Ph ring rotated from the TT and Cz l.s. planes by θ1 = 52.0 and θ2 = 43.0◦, respec-
tively. Altogether, these θ values denote negligible conjugation within both polymorphs of
TT-(N)-Cz and a partial one in TT-(C)-Cz and in TT-Ph-CzM.

The crystal structures of both TT-(N)-Cz (Figures 4.38a and 4.38b) polymorphs are
dominated by π· · ·π stacking interactions between TT moieties similar to those found in
the structure of TT itself. Although showing similar aggregation pattern, the two poly-
morphs structures display some subtle, noteworthy, differences. TT-(N)-CzM (Figure
4.38a) laminae show the presence of head-to-tail columnar aggregates of TT units along
the c axis, with Ctr· · ·Ctr distance between triazinic geometrical centroids (Ctr) equal to
4.611 Å (shortest C· · ·C contact equal to 3.378 Å) and Cz units placed alternately on one
and the other side of the stack. Adjacent columns are connected through weaker π· · ·π
stacking interactions between Cz moieties (distance between pyrrolic centroids equal to
5.467 Å and shortest C· · ·C contact equal to 3.348 Å) together with a relatively strong
C-H· · ·N and a weak C-H· · ·π hydrogen bonds. In TT-(N)-CzT (Figure 4.38b) needles,
on the other hand, each independent molecule forms head-to-tail TT dimeric aggregates
with the centrosymmetry-related equivalent one. The two dimers alternate almost parallel
along the bc diagonal forming infinite · · ·AA· · ·BB· · ·AA· · · columns, with the Cz units
of the dimers approximately orthogonal to each other. Within each dimer, Ctr· · ·Ctr dis-
tances between equivalent triazinic units are 4.157/4.332 Å (A/B dimer), with shortest
C· · ·C contacts equal to 3.371/3.291 Å (A/B dimer). The relative arrangement of the two
dimers makes it possible a closer rapprochement of the A and B TT units with respect to
that found in TT-(N)-CzM (the shortest contact being C1B· · ·N1A, 3.194 Å), though A
and B triazinic centroids are placed at much larger distance, 5.156 Å. Adjacent columns
are connected through several weak C-H· · ·N and C-H· · ·π hydrogen bonds between tri-
imidazolic and carbazolic units.

Differently from the two polymorphs of TT-(N)-Cz, in TT-(C)-Cz (Figure 4.38c)
the π· · ·π stacking interactions between TT units are disrupted and replaced by analogous
interactions between TT and Cz units. In the TT-(C)-Cz crystal structure, in fact, the
A and B independent molecules aggregate approximately in a head-to-tail fashion form-
ing infinite · · ·A· · ·B· · ·A· · · pillars along b, with distances between triazinic and pyrrolic
centroids equal to 4.323 (TTA-CzB), 5.230 (CzA-TTB) e 4.465 (TTB-CzA), 5.690 (CzB-
TTA) Å and numerous C· · ·C and C· · ·N contacts shorter than the sum of the van der
Waals radii. Several short C-H· · ·N hydrogen bonds connect laterally the molecules, form-
ing slightly corrugated planes. Moreover, its belonging to a non-centrosymmetric space
group, Pna21, results in a second harmonic efficiency of 17 times that of standard sucrose
measured by Kurtz-Perry technique at 1064 nm.7
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Figure 4.38: Crystal packing of (a) TT-(N)-CzM, (b) TT-(N)-CzT, (c) TT-(C)-Cz
and (d) TT-Ph-CzM showing the shorter distances between triazinic and/or pyrrolic geo-
metrical centroids (green spheres) and C· · ·C, C· · ·N and C-H· · ·π intermolecular contacts
(light grey dashed lines) shorter than the sum of vdW radii. Ellipsoids at 30% probability.

The relative arrangement of the TT, Ph and Cz moieties in TT-Ph-CzM (Figure
4.38d) allows for the formation of compact columnar aggregates along the b axis, where
TT and Cz overlap with Ctr· · ·Ctr distances alternately equal to 3.896 and 4.290 Å and
several short (i.e. < 3.4 Å) C· · ·C contacts, while adjacent Ph rings lie almost perpen-
dicular to each other (θ = 81.4◦), so as to form intermolecular C-H· · ·π hydrogen bonds.
These columns are laterally connected through relatively strong C-H· · ·N hydrogen bonds
between centrosymmetric-related TT units and weaker hydrogen, forming slightly corru-
gated planes along ac. The cocrystallized methanol molecule is rather strongly connected
to the TT unit, the oxygen atom acting as both HB donor and acceptor.

TT-(N)-Cz, TT-(C)-Cz and TT-Ph-CzM in different phases were characterized
by steady state and time resolved spectroscopy (Table 4.6). TT-(N)-Cz (prepared from
synthetized carbazole, Cz-lab) in DCM (10−5-10−6 M) shows at room temperature (RT)
two absorption sets at 280, 288 nm and 313, 326 nm and a broad fluorescence at 345
nm (overall quantum yield, Φ, equal to 27%, τ = 5.69 ns). For Cz-lab in DCM sharp
fluorescent components are observed at 338 and 352 nm with shoulder at 370 nm. Blended
PMMA films (0.5 wt %) of TT-(N)-Cz display one fluorescence at 345 nm (overall Φ =
28%, τ = 9.58 ns).

The emissive properties in bulk were investigated on crystals of both TT-(N)-Cz
polymorphs (Figures 4.39-4.40 and Table 4.6), selectively obtained, in the case of TT-
(N)-CzM laminae, from DCM/hexane while, for TT-(N)-CzT needles, manually iso-
lated (as confirmed by XRPD analysis). The results reveal qualitatively similar behavior
in agreement with resembling structural features (Φ = 13 and 16% for TT-(N)-CzT
and TT-(N)-CzM, respectively). In particular, two fluorescences and multiple long-lived
components can be activated by exciting crystals of the two polymorphs at different wave-
lengths. Specifically, i) a high-energy (HE) fluorescence (349 nm, τ = 2.37 ns; 357 nm
with shoulder at 367, τ = 3.66 ns, for TT-(N)-CzT and TT-(N)-CzM, respectively)
quite similar to that of Cz-lab crystalline powders (360 nm with shoulder at 372 nm);
ii) a low-energy (LE) fluorescence in the 380-402 nm interval (τ = 28.02 and 15.39 ns
for TT-(N)-CzT and TT-(N)-CzM, respectively) closely resembling that of crystalline
TT (400 nm).[8] Such LE fluorescence possesses higher intensity with respect to the HE
one in needle shaped crystals of TT-(N)-CzT but, for laminae shaped crystals of TT-
(N)-CzM, it becomes visible only when selectively activated at low energy, 355 nm. At
this excitation energy, in fact, a maximum is observed in the LE fluorescence excita-
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tion profile whose importance decreases from TT-(N)-CzT to TT-(N)-CzM. Moreover,
both the LE fluorescence and the 355 nm excitation intensities are strongly reduced by
decreasing the crystallinity degree through grinding (indicating crystallization induced
emissive, CIE, features), as clearly observed for crystals of TT-(N)-CzT (Figure 4.39)
whose XRPD pattern displays a big contribution from amorphous material after grinding.
iii) Two phosphorescence bands (maxima at 442, 464 nm, τ = 23.36 ms, 509 nm, τ =
247.78 ms; 437 nm, τ = 20.04 ms, 517 nm, τ = 174.34 ms for TT-(N)-CzT and TT-
(N)-CzM, respectively) can be observed when properly exciting at low energy (about 400
and 450 nm, respectively) for both polymorphs.

Since multiple emissions are often to be associated with impurities, many batches of
the two polymorphs were photophysically and chemically analyzed (1H NMR and HPLC)
to assess reproducible behaviors and exclude impurities concerns. Moreover, for a com-
parative analysis, TT-(N)-CzM prepared from commercially available carbazole was also
photophysically characterized, revealing the presence of an additional red phosphorescence
at 620 nm (τ = 278.34 ms). Once assessed the high purity of the samples, results were
interpreted through theoretical calculations associated with structural and optical consid-
erations.

Figure 4.39: Normalized emission spectra of TT-(N)-CzT crystals (solid lines) and
ground crystals (dashed lines). Left at 298 K and right at 77 K: λexc = 300 nm (black
line); λexc = 400 nm (red line) and λexc = 450 nm (blue line).

Figure 4.40: Normalized emission spectra of TT-(N)-CzM crystals. Left at 298 K and right
at 77 K. λexc = 300 nm (black line); λexc = 355 nm (gray line); λexc = 390 nm (red line)
and λexc = 440 nm (blue line).
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DFT calculations on isolated TT-(N)-Cz molecule at ωB97X/6-311++G(d,p) level
of theory provide optimized geometries very close to the X-ray ones. The only sizable,
though small, difference is found in the relative orientation of the composing units, the
optimized dihedral angle θ being 90.0◦, to be compared with 82.4 and 71.9/79.6◦ in TT-
(N)-CzM and A/B molecules of TT-(N)-CzT, respectively. This indicates minor effects
of crystal packing on the molecular conformation and the associated electronic properties.
The corresponding TDDFT low-energy electronic levels, computed at 267 (S1), 251 (S2)
and 228 nm (S3) with oscillator strengths (f ) equal to 0.041, 0.252 and 0.003, respectively,
are found to possess different character. In fact, all singlet and triplet excited states of
TT-(N)-Cz are localized on either TT (e.g. S3) or Cz (e.g. S1 and S2). All states have
(π,π*) symmetry except for some of them showing minor σ contributions localized on the
other moiety. Such feature is to be ascribed to the twisted conformation which hardly
allows electronic communication between the two molecular entities. In fact, the excited
levels of TT-(N)-Cz can be clearly traced back to those of isolated TT and Cz after
minor perturbation downwards, for the former, or upwards, for the latter. Finally, it is to
be mentioned that geometry optimization of S1 keeps unvaried the orthogonal disposition
of the TT and Cz units, leading to a relaxed state (at 283 nm, f = 0.05) very close to
the absorption one as experimentally observed (Stokes shift equal to 0.21 eV in DCM
solution).

Figure 4.41: ωB97X/6-311++G(d,p) level of theory prediction of electronic levels of op-
timized monomer (center) and dimers in the monoclinic (left) and AB triclinic (right)
arrangements of TT-(N)-Cz together with oscillator strength (f ), main excitations with
corresponding weight (%) and plots of the involved orbitals, and character of the transi-
tion.
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To interpret the origin of dual fluorescence from crystals of TT-(N)-Cz, together with
the relative intensities of the two emissions in the two polymorphs, additional calculations
were performed on π-π dimeric prototypes extracted from both crystal structures consid-
ering, for TT-(N)-CzT, all the possible (i.e. AA, BB and AB) aggregate forms. To get
a meaningful comparison between monomer and dimers excitation levels, geometry of all
dimers was optimized leading in all cases to a shortening of the Ctr· · ·Ctr distances (from
0.33 to 0.51 Å), still preserving the relative orientation of the monomers as observed in
the corresponding crystal structure (Figure 4.41). It is found that, while the S1 and S2

levels, having mainly Cz character, are substantially unvaried from monomer to dimer
(whatever type), S3 undergoes a remarkable stabilization from 228 (monomer) to either
231 (TT-(N)-CzM dimer) or 236 nm (AB dimer of TT-(N)-CzT) with a noteworthy
increase in the oscillator strength from 0.003 to either 0.038 or even 0.102, respectively
(note that for AA and BB dimers of TT-(N)-CzT no significant variations of S3 are ob-
tained, Figure 4.41). Such energetic trend is easily explained by considering the nature of
the intermolecular interaction within the dimer, dominated by π-π stacking interactions
between TT units, and the predominant TT character of the S3 state. It is envisaged
that such stabilization is further enhanced going from the dimeric prototype to the whole
crystal structure, eventually resulting in energy values lower than that of “molecular”
S1 state. Such theoretical results perfectly justify (i) the presence of the two HE and LE
fluorescences, originated from “molecular” S1 and “aggregated” S’1 (originally the “molec-
ular” S3), having mainly carbazole (HE) and triimidazole (LE) character; (ii) the higher
sensitivity of the LE fluorescence to grinding due to its supramolecular origin; (iii) the
higher intensity of LE fluorescence in TT-(N)-CzT, whose simulated dimer provide the
largest increase in the S3 oscillator strength; (iv) the presence of a low energy band in
the excitation spectra of the two polymorphs with intensity decreasing upon grinding and
on moving from TT-(N)-CzT to TT-(N)-CzM; (v) the absence of the LE fluorescence
contribution in diluted solutions and blended PMMA films due to its crystal induced ori-
gin. In the same way, for what concerns the phosphorescent contributions, it is expected
that they are originated by two triplet states in the solid systems, one of molecular origin,
having mainly Cz character (as inferred from the computed molecular T1) and the other
associated with the cyclic triimidazole-based π-π aggregated forms. This is perfectly in
line with the two observed phosphorescences, one of which (the lower energy one) greatly
sensitive to grinding as observed for the TT-(N)-CzT polymorph (Figure 4.39) and lo-
cated in the same region as that of TT itself.8 For both contributions, singlet-to-triplet
intersystem crossing (ISC) is granted by the increased number of triplet states below S1

and S’1 in crystal phase (Figure 4.41 for the monomer to dimer levels’ scheme), which
efficaciously reduces the singlet-triplet energy gap implying higher ISC probability. More-
over, singlet-to-triplet ISC is facilitated by the partial σ character of the involved singlet
levels on the basis of the El-Sayed rule. The (π,π*) character of both the T1 and T’1
emitting states provide effective stabilization of the triplet excitons generating ultralong
phosphorescence owing to the poor spin−orbit coupling with the singlet ground state.

TT-(C)-Cz in DCM (10−5-10−6 M) shows at room temperature two absorption bands
at 239 and 290 nm with a tail at about 330 nm and a broad fluorescence at 380 nm (overall
Φ = 20%, τ = 5.55 ns). PMMA films (0.5 wt%) of TT-(C)-Cz display one fluorescence
at 377 nm (τ = 9.89 ns). TT-(C)-Cz crystals (Figure 4.42 and Table 4.6) display one
fluorescence at 402 nm with shoulder at 420 nm (τ = 6.74 ns) and one phosphorescence
at 460 nm with shoulder at 486 nm (τ = 57.80 ms) (overall Φ= 28%) selectively activated
by exciting at 415 nm. The two emissions reasonably correspond to radiative deactivation
from S1 and T1. In fact, in TT-(C)-Cz crystals the TT-TT π-π stacking interactions,
which are deemed responsible for the aggregated fluorescence and phosphorescence from
TT-(N)-Cz polymorphs, are lacking. The rather weak interactions between TT and Cz
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units in the structure seem not efficacious in producing aggregate optical fingerprints.

Figure 4.42: Emission spectra of TT-(C)-Cz crystals. Left at 298 K and right at 77 K. λexc

= 300 nm (black line) and λexc = 415 nm (red line).

The photophysical behavior of TT-(C)-Cz in solution is supported by theoretical
calculations. DFT geometry optimization on isolated TT-(C)-Cz depicts a completely
different molecular arrangement with respect to that of TT-(N)-Cz, the two TT and Cz
units forming in this case a dihedral angle θ equal to 54.1◦ instead of 90◦ as computed for
TT-(N)-Cz. Also in this case, the slight difference with respect to the X-ray θ values,
34.2 and 37.8◦ for the two independent molecules, indicates minor effects of crystal packing
on the molecular geometry. The reduced molecular twisting reflects in increased electronic
communication between TT and Cz, in agreement with a marked red shift of the TDDFT
electronic levels with respect to those obtained for TT-(N)-Cz. In fact, a bathochromic
shift of 0.26 eV of S1, computed at 283 nm (f = 0.03) and resulting, together with S2

(258 nm, f = 0.07), in the observed broad and low-intensity absorption band, is computed
on going from TT-(N)-Cz to TT-(C)-Cz. The MOs involved in the two low energy
transitions are mainly localized on Cz though with important contributions on TT, while
S3, computed at 247 nm (f = 1.13) and experimentally observed at 290 nm, is delocalized
on the whole molecule. Also, for TT-(C)-Cz, access to triplet states in crystal phase by
ISC is allowed by the reduced singlet-triplet energy gap as predicted from calculations on
a dimeric prototype.

TT-Ph-Cz shows at RT in aerated DCM and DMSO (10−5-10−6 M) solutions (Figure
4.43a and Table 4.6) four absorption maxima at 236, 293, 310 and 340 nm and a broad,
structureless fluorescence at 370 nm with a shoulder at 350 nm. To get more details on the
compound’s emissive behavior, freeze-pump-thaw (FPT) cycles have been performed on
DCM solutions. Despite the shape of the emission is preserved, Φ increases from 63 to 78%
through oxygen removal. More importantly, while a slightly lifetime increase is measured
at 370 nm (τ from 2.86 to 3.11 ns), the presence of a long-lived component is revealed
in the low energy tail of the emission (425 nm, τ = 13.52 ms). At 77 K, a narrowing of
the band, maximum at 353 nm (τ = 5.60 ns, Figure 4.43a), is observed together with the
appearance of a broad, very long-lived component centered at 512 nm (τ = 935 ms) of
molecular or aggregate origin. In fact, despite the use of diluted solutions, the presence of
small aggregates in frozen DCM cannot be totally excluded.

PMMA films (0.5 wt %) of TT-Ph-Cz display one narrow fluorescence with vibronic
replicas at 347 and 360 nm (Φ = 60.2%, τ = 7.13 ns, Figure 4.43a and Table 4.6). Results
observed in PMMA and frozen DCM solutions point to rigidification effects on the emissive
features of TT-Ph-Cz, therefore more experiment were performed to assess their origin.
In particular, emissions from highly viscous solvent were monitored. TT-Ph-Cz in glycerol
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(10−5-10−6 M, Figure 4.43b) clearly shows two emissive components resulting in a broad
band centered at 380 nm and a narrow peak at 350 nm. The relative intensity of the two
components varies with oxygen content. In particular, the 380 nm band is intensified when
purging the solution with nitrogen for 10 minutes. By keeping the glycerol solution in a
freezer at 248 K for 15 min, to increase its viscosity, the 380 nm component appears totally
quenched and gradually restored with temperature increasing (Figure 4.43b).

These results can be rationalized through the presence of a Frank Condon (FC) emit-
ting state and a relaxed one close to a triplet from which thermal repopulation can occur:
when molecular conformation is somehow locked either at low temperature or in PMMA,
the FC state is the main responsible of the emission; on the other side, in solution, both
states can be populated producing dual emission with relative intensity related with the
viscosity of the medium.

Figure 4.43: Normalized emission spectra of TT-Ph-Cz (λexc = 300 nm). a) DCM 10−6

M at 298 K (black solid line) and 77 K (black dashed line); in PMMA 0.5 wt% (red line).
b) glycerol 10−6 M at 298 K (black solid line) and 248 K (black dashed line); after N2

purging for 10 min at 298 K (red solid line). c) in DMSO with increasing H2O volume
at 298 K. 0% (black solid line), 20% (red solid line), 50% (black dashed line), 70% (red
dashed line), 80% (black dashed line). d) solid state spectra of TT-Ph-CzM crystals
at 298 K (λexc = 300 nm, black solid line; λexc = 445 nm, green solid line) and stimuli
responsiveness of the high energy bands: at 77 K (black dashed line), ground crystals at
298 K (red solid line), ground crystals after exposure to MeOH vapours for 30 min at
298 K (red dashed line), crystals heated at 393 K for 90 min (blue solid line). e) XRPD
spectra of TT-Ph-CzM heated at 393 K for 90 min (blue), exposed to MeOH vapours
(magenta) and after successive grinding (green and cyano). f) Packing of TT-Ph-CzT
(left) and TT-Ph-CzM (right) with the solvent-accessible empty spaces visualized by
yellow surfaces generated with a probe of 1.2 Å.

Confirmation of the presence of different RT thermally equilibrated minima in the
S1 excited state of TT-Ph-Cz, was provided by theoretical calculations. The computed
electronic levels of isolated TT-Ph-Cz, all corresponding to (π,π*) transitions and, at
low energy, mainly localized on the Cz unit (in particular S1 and T1), denote a slightly
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reduced molecular conjugation with respect to TT-(C)-Cz. Relaxed potential energy
surface (PES) scans fixing the relative orientation of either TT-Ph or Cz-Ph and scanning
that of Cz-Ph or TT-Ph, respectively, reveal the presence of two minima in the S1 state
(see Figure 4.44 for the former calculations; quite similar results are obtained for the
latter). One corresponds to the FC state and its free optimization (computed at 292 nm
with f =0.091), leads to a locally relaxed X-ray molecular geometry, showing only minor
changes of the relative orientation of the three moieties (θ = 7.2, θ1 = 49.2, θ2 = 56.1◦).
The other minimum, separated from the former by a ∼1 kcal/mol barrier, corresponds to
a geometry where the TT and Ph units (or the Cz and Ph ones) are almost coplanar.
Free optimization of this geometry leads to the absolute minimum (computed at 342 nm
with f =1.014) characterized by slightly increased twisting of the TT and Cz units but
greater coplanarity between TT and Ph (θ = 20.6, θ1 = 24.2, θ2 = 40.4◦), allowing an
effective conjugation between them and therefore explaining the corresponding red-shift
and intensification with respect to the locally excited minimum. Such S1 conformation
lies very close to a triplet state (T4, 0.02 eV below S1) allowing an easy and effective
forward/backward singlet-to-triplet ISC.

Figure 4.44: Scan of the relaxed potential energy surface of the S0 and S1 states of TT-Ph-
Cz along the C25-C27-N7-C32 torsion angle at the (TD)-ωB97X/6-311++G(d,p) level of
theory. Energies are relative to the S0 state equilibrium geometry.

Emission in solvent/non-solvent (DMSO/water) mixtures was explored (Figure 4.43c).
Addition of increasing volumes of water to DMSO solutions (keeping the concentration
of TT-Ph-Cz equal to 10-5 M) results in a red shift of the emission maximum of the
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broad band (from 370 nm in DMSO to 430 nm in DMSO/water 20/80 %) which allows to
spectroscopically isolate the high energy emission with replicas at 355 and 374 nm. More
importantly, the lifetime of the broad band increases from 4.59 ns in DMSO to 28.52 ms
in DMSO/water 20/80 %, opening to the use of TT-Ph-Cz aggregates as phosphorescent
bio-probes. To disclose the origin of aggregate behavior, solid state measurements were
performed.

TT-Ph-CzM crystals obtained from DCM/MeOH display, when excited at 300 nm,
a multicomponent emission (Figure 4.43d and Table 4.6) comprising a broad predominant
band centered at about 425 nm and high energy resolved narrow peaks at 375 and 408 nm
(overall Φ= 43%). From time resolved experiments, the presence of a short (380 nm, τ =
2.16 ns) and a long-lived (425 nm, τ = 20.72 ms) component was recognized. Moreover,
a low energy phosphorescence at 503 nm (τ = 60.94 ms) appears in the spectrum by
its selective activation with 445 nm excitation. Surprisingly, at 77 K, the high energy
fluorescence becomes highly predominant when exciting at 300 nm (Figure 4.43d). This
behavior parallels what observed in solution and can be similarly rationalized with the
presence of two conformations in the singlet excited state. The closeness of the relaxed
singlet to a triplet state allows, at RT, easy ISC resulting in the long-lived high energy
component, HEP. The additional low energy phosphorescence, LEP, which resembles that
of DCM solution at 77 K, could be associated to the TT-Cz π-π stacking interactions
present in this structure, which are stronger than those observed in TT-(C)-Cz crystals.

Moreover, due to an observed batches’ dependence of the relative intensities of the
two high energy components (fluorescence and phosphorescence) at RT, more experiments
were performed under different external stimuli. It was found that HEP is attenuated when
the sample is kept open in air for few weeks, by thermal treatment or grinding, conditions
which are all expected to favor MeOH release, but can be restored through MeOH vapors
exposure. Spectra obtained from TT-Ph-CzM crystals after heating at 393 K for 90
min are reported in Figure 4.43d. A strong attenuation of the HEP component is evident
together with a Φ decrease to 22%. Similarly, manual grinding results in a macroscopic
quenching of the HEP (Figure 4.43d) and further Φ reduction (17%). Exposure to MeOH
vapors for few minutes of either thermally or mechanically treated TT-Ph-CzM crystals,
results in restoring the original HEP and Φ (Figure 4.43d). The origin of this stimuli-
responsive behavior was investigated through thermal and X-ray diffraction analysis. In
the heating process, MeOH molecules can be released, as confirmed by thermogravimetric
analysis (TGA) of TT-Ph-CzM crystals with a gradual weight loss of about 6% from
RT to 150◦C and with temperature of decomposition at about 300◦C. The MeOH release
is accompanied by a modification of the crystal structure as resulted in detectable signal
changes in powder X-ray diffraction (XRPD, see Figure 4.43e).

Single crystal X-ray diffraction studies were then performed on crystals of MeOH free
phase revealing a triclinic P-1 space group, TT-Ph-CzT, with voids inside the crystal
packing (see Figure 4.43f). The structure is highly disordered, displaying the three com-
posing moieties statistically occupying two equiprobable positions. However, the molecules
are found to be organized quite similarly to TT-Ph-CzM, forming columnar aggregates
along the a axis, where TT and Cz overlap with Cg· · ·Cg distances alternately equal to
3.71 and 4.35 Å.

Exposure of desolvated phase, TT-Ph-CzT, to MeOH vapors results in the uptake of
MeOH molecules to restore TT-Ph-CzM and, therefore, its distinctive photoluminescent
behavior. It is, in fact, expected that the co-crystallized MeOH, strongly connected to the
TT unit through hydrogen bond, contributes to rigidify the structure and to suppress
non-radiative deactivation channels highly competitive with the phosphorescent emission.
Importantly, phosphorescence enhancement was observed also through exposure to water
vapors justifying RTP features observed in DMSO/water solutions where water plays the
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role of MeOH in inhibiting non-radiative deactivations.

Sample Φ
(%) 298 K 77 K

λem (nm) τ λem (nm) τ

TT-(N)-Cz
DCM 27 337, 345 5.69 ns

PMMA 28 333, 345 9.58 ns

TT-(N)-CzT

crystals 13

349 2.37 ns 329, 343, 352
379, 390, 398 28.02 ns 377, 385, 394

442, 464 23.36 ms 440, 465
509 247.78 ms 495, 516

ground 19
349 1.62 ns 341, 348 5.19 ns

379, 388, 398 29.03 ns 377, 386, 398 49.19 ns
438 41.54 ms 440, 465 56.60 ms

TT-(N)-CzM crystals 16

357, 367 3.66 ns 344, 358 6.34 ns
386, 391, 402 15.39 ns 381, 394, 402 27.31 ns

437 20.04 ms 436 71.35 ms
517 174.34 ms 519 128.40 ms

TT-(C)-Cz

DCM 20 380 5.55 ns
PMMA 33 377 9.89 ns

crystals 28
402, 420 6.74 ns 380, 400, 422 8.45 ns
460, 486 57.80 ms 471 115.13 ms

TT-Ph-Cz
DCM 63

350, 370 2.86 ns 353 5.60 ns
512 935 ms

PMMA 60 347, 360 7.13 ns

TT-Ph-CzM crystals 43
375, 408 2.16 ns 373, 388 3.45 ns

425 20.72 ms 404, 425 46.80 ms
503 60.94 ms 520 684.47 ms

TT-Ph-CzT crystals 22
374, 394 3.41 ns

432 3.03 ms
510 10.61 ms

Table 4.6: Photophysical parameters of TT-(N)-Cz, TT-(C)-Cz and TT-Ph-Cz.

4.6.2 Conclusion

In conclusion, synergistic and different combinations of cyclic triimidazole and carbazole
result in quite different emissive behaviors due to both molecular reasons and aggregation
modes. All compounds here reported, i.e. TT-(N)-Cz, crystallizing in two polymorphs,
TT-(C)-Cz and TT-Ph-Cz, with or without co-crystallized MeOH, display, in their
crystal phase, one fluorescence and one phosphorescence, both having mainly carbazole
character. Their position is slightly dependent on the conjugation between the two units,
which is completely absent in the TT-(N)-Cz polymorphs owing to their almost per-
pendicular conformation, and is partial in TT-(C)-Cz and TT-Ph-Cz. In addition, the
two TT-(N)-Cz polymorphs display a low energy fluorescence and a low energy phos-
phorescence, both deriving from the triimidazole-based π-π aggregated species which are
instead absent in TT-(C)-Cz and TT-Ph-Cz. In agreement with their origin, the inten-
sity of these two additional emissions strongly depends on the crystallinity degree of the
TT-(N)-Cz samples, being attenuated by grinding. Moreover, the two polymorphs reveal
different relative intensity of the high and low energy fluorescences, the latter being more
intense for the polymorph showing closer intermolecular contacts.

TT-Ph-Cz possesses conformational freedom resulting in rigidochromic and multi-
stimuli responsive emissive behavior. In fact, its computed singlet excited state shows the
presence of two minima, which population depends on external conditions: in fluid so-
lution photoluminescence results from both conformations while, in rigid matrices or at
77 K, only the FC state is sufficiently populated resulting in a high energy fluorescence.
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Since a triplet state is easily populated from the relaxed excited singlet, phosphorescence
can be observed when competitive deactivation channels are suppressed. This happens in
the aggregate form where oxygen diffusion is limited and, in particular, for DMSO/water
nanoaggregates and crystals of the solvated form where hydrogen bonds reduce molecular
movements responsible for dissipation of energy excess.

Such multifaceted emissive behavior, comprising dual fluorescence and phosphores-
cence, room temperature phosphorescence from aqueous aggregates, mechanochromism
and vapochromism, further confirms cyclic triimidazole as a powerful building block in
designing high-performance single-component luminescent materials.
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Chapter 5

Ag(I)-Cyclic Triimidazole
Coordination Polymers: A
Complete Comparison With Cu(I)
Ones

It is well-known that metal based compounds are very good chromophores and in particular
phosphorescent emitters with high quantum yield Φ and small lifetimes. This is due to the
ability of the compounds to promoteintersystem crossing (otherwise forbidden) through
strong SOC associated to large number of orbitals. In this regard, coordination polymers
(also referred as CPs) are an emerging and growing class of luminophores featured by
high structural variety with excellent stability and a diversity of electronic properties by
virtue of the coordinated metal center. In this field, the monovalent d10 coinage Cu(I)
ion has been largely investigated and exploited in the realization of emissive coordination
polymers due to its low cost and toxicity and easy availability compared to the noble
metals and rareearths. A peculiar characteristic of Cu(I) derivatives is the number ofdif-
ferent structural formats obtainable by simply varying reactionconditions.1 Many of them
provide a tunable phosphorescent emission at room temperature and a long luminescence
lifetime of several microseconds that can be also affected by external stimuli such as tem-
perature and pressure. All these properties make these compounds particularly appealing
for potential applications in different fields spanning from displays and OLEDs to sensors
and bioimaging.2–6

TT appears as versatile tecton for the preparation of hybrid organic/inorganic ma-
terials due to the presence of three basic nitrogen at the vertex of a regular triangle.
This interesting feature has already been exploited for the preparation of seven Cu(I)-
TT hybrid polymers in which the triimidazole scaffold acts as mono- or bi- or tridentate
ligand. The characterization of these Cu(I)-TT derivatives has revealed a wide range of
structural motifs depending on the coordination polymer and a preliminary photophysical
investigation has been performed on the emissive ones.2

Motivated by these results, I have expanded the study on the reactivity of TT with d10

Ag(I) ion. Silver, rather than Cu(I), shows very high light-sensitivity and for this reason
among the d10 coinage metals is the less investigated and studied.

5.1 Results and Discussion

Similarly to what previously observed for the Cu(I) derivatives, three different Ag(I)-
TT coordination polymers (one 1D and two 3D) were prepared by varying the reaction
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conditions. Remarkably two of them are isostructural with the Cu(I) ones allowing an
extensive photophysical and theoretical study, including a critical review of the Cu(I),
derivatives carried out to elucidate similarities and differences between the two metals.

1D double strained [Ag(TT)I]n and [Cu(TT)I]n coordination polymers 1D dou-
ble strained [Ag(TT)I]n and [Cu(TT)I]n coordination polymers

Crystals of the monodimensional CP [Ag(TT)I]n , hereafter 1-Ag, were obtained by slow
addition of a solution of TT in acetonitrile into a solution of AgI in satured KI/DMF.The
compound crystallizes in the monoclinic space group P21/c and the asymmetric unit con-
tains one silver atom, one TT molecule and one iodine anion. Silver adopts a distorted
tetrahedral environment (AgI3N type geometry) connecting with three iodine atoms (µ3-I
with distorted trigonal pyramidal geometry) with a molecule of TT (κN-TT) resulting
into a double-strained monodimensional stair-like motif composed by [AgI]n units deco-
rated on each side by peripherical ligand molecules (see Figure 5.1 top and Table 5.1 for
crystallographic distances).

Figure 5.1: Views of the crystal structures of 1-Ag (Top) and 1-Cu (bottom): showing
the coordination environment around the metallic atoms (left), a single 1D chain network
(middle) and two chains of opposite chirality viewed along the crystallographic c direction
(right). Ellipsoids are drawn at 50% probability. Reproduced with permission from Ref.7

© the Partner Organisations 2021

The crystallographic analysis reveals a Ag· · ·Ag distance (3.1591 Å) shorter than twice
the silver van der Waals radius (3.44 Å). The TT molecules are organized into parallel
superimposed columns along the crystallographic b axis with interplanar mean distance
equal to 3.1726 Åand Ctr· · ·Ctr distance equal to 4.731 Å. The ligands coordinated on the
two sides of the same chain are almost orthogonal to each other with an angle of 84.22(4)◦

between the mean planes of adjacent ligands on opposite sides. Interestingly, two adjacent
stairs are held together by weak C-H· · ·N H-type bond (3.270 and 3.433 Å) and by a C· · ·I
(3.664 Å) interchain interaction.

1-Ag is isostructural to 1D double stranded [Cu(TT)I]n crystals (also referred as
1-Cu, Figure 5.1 Bottom) prepared by mixing a KI satured solution of CuI with TT
in ACN.2 The main difference between the two structures is the intra-chain metal-metal
distance, which is slightly longer than twice the van der Waals radius of the metal for 1-
Cu but quite shorter for 1-Ag. Comparison of the TT arrangement in the two structures
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shows minor differences with TT molecules having the same parallel disposition along the b
axis and similar distances between the molecular mean planes and the triazine centroids.
H-aggregates and weak C-H· · ·N interactions were found in both the structures, while
I· · ·C interchain interactions are slightly shorter in 1-Ag than in the copper homologous.
It is worth to be noticed that while the [M2I2]n ladder-like motif is very common for
Cu(I) derivatives, only few examples of similar Ag(I) chains have been described in the
literature.8,9

Parameter 1-Ag 1-Cu

M-I (Å)
2.8084(5) 2.6107(5)
2.8682(5) 2.7231(4)
2.9221(5) 2.7716(5)

I-M-I (Å)
109.584(16)

106.112(12)
104.729(12)

111.927(12)
113.568(12)

M···M (Å) 3.1591(5) 3.2479(7)

I···I (Å) 4.7499(4) -

I-M-I (Å)
3.270(5) 3.287
3.433(5) 3.499

I···C (Å) 3.664(4) 3.721(2)

TT mean plane (Å) 3.1726(19) 3.1730(6)

Distance triazine
centroids

4.731(2) 4.5090(13)

Table 5.1: Comparison of selected structural parameters for 1-Ag and 1-Cu.

The photophysical emissive behavior of 1-Ag covers a large portion of the visible
spectrum and it is characterized by fast and long lived components, with relative intensities
varying according to the excitation energy, and an overall quantum yield Φ of 19 % (see
Figure 5.2, Table 5.3).
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Figure 5.2: Normalized emission and excitation spectra of crystals of 1-Ag at 298 K.
Upper panel: PL spectra (solid line) at λexc = 397 nm (pink line); 390 nm (blue line); 355
nm (green line); and 341 nm (black line), and PLE spectra (dotted line) at λem = 410
nm (pink line); 430 nm (blue line); 495 nm (green line); and 530 nm (black line). Lower
panel: Phosphorescence spectra (blue line, delay 200 µs, window 500 µs, λexc = 360 nm;
red line, delay 100 µs, window 500 µs, λexc = 397 nm)

More in details, a weak fluorescence has been recognized at higher energy (385-400
nm, τav = 2.15 ns) together with a set of three different and partially superimposed
phosphorescences: a high energy (HEP, 411 and 445 nm), a medium energy (MEP, 446,
476 and 509 nm) and a low energy (LEP, 494, 530, 575, 620 and 680 nm, τav = 39.79
µs) ones. Emission/excitation analysis suggests that LEP dominates the spectrum when
crystals are excited at 350-370 nm, MEP is enhanced by irradiation at 340 nm and, finally,
HEP arises with lower excitation energy (390-397 nm). Of the three sets of bands present
in the excitation spectra, recognizable by vibrational peaks at 343 and 363 nm; at 355
and 375 nm; and at 397 nm, the first two bands may correspond, respectively, to the
first excited singlet states, 1ES2 and 1ES1, while the latter one may be associated with
3ET1. Thus, excitation to 1ES1, besides fluorescence, results primarily in LEP emission;
population of 1ES2 results in MEP together with LEP, while HEP is easily activated by
directly populating 3ET1.

In time delayed spectra, MEP and LEP are visible regardless of the excitation wave-
length, revealing that ISC from S1 is a possible way to activate triplet states and originate
these two long-lived emissions. On the other hand, the HEP emission is hardly visible
in delayed probably due to its short lifetime (which is close to the instrument temporal
resolution (50 µs).

To better understand the photophysical behavior, 1-Ag was analyzed also at lower
temperature (77 K, Figure 5.3, Table 5.3). All the emissions are maintained and appear
vibrationally resolved with increased lifetimes.
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Figure 5.3: Normalized emission end excitation spectra of crystals of 1-Ag at 77 K. Top:
PL spectra (solid line) at λexc = 397 nm (pink line), λexc = 364 nm (green line), λexc =
340 nm (black line), and PLE spectra (dotted line) at λem = 421 nm (black line), λem

= 443 nm (green line), λem = 527 nm (pink line), λem = 630 nm (blue line). Bottom:
phosphorescence spectra (λexc = 397 nm; blue line, delay 50 µs, window 100 µs; green
line, delay 100 µs, window 500 µs; red line, delay 1 ms, window 5 ms).

Also at 77 K the emissions’ relative intensities are affected by the excitation wavelength,
with all components visible in the spectrum at λexc = 350 nm; while MEP is intensified
by 340 nm excitation and HEP can be selectively activated by exciting in the 390-397 nm
range.

The comparison of excitation spectra at 298 and 77 K (Figures 5.2 and 5.3) shows that
the vibrational peaks assigned to 1ES1 (355 and 375 nm) at 298 K are still present and
very well resolved at low temperature (336, 353 and 376 nm) when monitoring the LEP.
3ET1 at 397 nm is still present, but hardly visible at 77 K, in correspondence with the
HEP. However, other peaks at high energy (wavelength shorter than 305 nm) are present
at 77 K, but absent in the 298 K excitation profiles. By exciting at these high energies (300
nm), a broad band covering the 380-700 nm region appears in the emission spectrum. The
broad shape of this band could be originated from the convolution of vibrational peaks
belonging to the various electronic components, which seem to be simultaneously activated
at high energy. It is plausible that these high energy excitations are easily deactivated by
non-radiative transitions at 298 K. In the delayed spectrum, HEP becomes clearly visible
due to the increased lifetime with respect to 298 K and the evolution of delayed spectra
shows emission lifetimes increasing in the order HEP < MEP < LEP.

On the basis of the crystallographic analysis and by comparison with TT itself and
other members of the TT family, the LEP emission in 1-Ag has been ascribed to a deac-
tivation from a triplet state TH. This latter is related to the ligand’s H-aggregation motif,
which has already been recognized as responsible for the long-lived, low energy emission of
many TT derivatives.10–12 In addition, the MEP emission of 1-Ag crystals at 77K is im-
pressively similar to the phosphorescence ascribed to the I· · ·N halogen bonding interaction
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in the mono-iodinated I-TT and the co-crystal of TT with 1,4-diiodiotetrafluorobenzene
TT-DITFB at 77 K.13

In the latter two, such emission has been suggested to originate by an interaction I· · ·N
XB that however is not present in 1-Ag crystals. Based on the remarkably strong similarity
in position and shape of this emission for the three systems, a different mechanism with a
common radiative origin has been proposed. In each of the three structure, TT and iodine
atoms are connected with short interactions between the adjacent stairs (in 1-Ag), helices
(in I-TT) and chains (in TT-DITFB) with comparable I· · ·C distances of 3.664, 3.764
and 3.736 Å, respectively. Although the relative orientations of the interacting moieties
are far from T-shape and cannot be considered as halogen bonds14–16 they are compatible
with intermolecular electronic coupling of two units with partial orbital overlapping.17

Therefore to underline the common origin involving the I atom, MEP emission in 1-Ag is
indicated as TI-S0 deactivation. Finally, in agreement with previously reported system and
theoretical calculation, the HEP emission has been ascribed to a deactivation from a ligand
centered triplet state (TM-S0, where M stands for “molecular” in order to distinguish its
origin from the LEP and MEP supramolecular ones). This assignment is also suggested by
the energy spacing of its vibrational components (about 1300-1550 cm-1) associated with
a vibronic progression involving imidazole ring modes.18 The same trend was retrieved
in LEP and MEP because they are both originated from excited states with a negligible
contribution from the metal.

Due to the high similarity in structure, the photophysics of 1-Ag has been compared
with that of the isomorphous coordination polymer 1-Cu,2 which was re-investigated by
a photophysical point of view. At room temperature, excitation of the compound in the
300-360 nm range produces an intense and broad 3MLCT phosphorescence (568 nm, τav =
31 µs, Φ = 18%) of molecular origin (TM-S0, see Figure 5.4 and Table 5.3). By increasing
the excitation wavelength (λexc > 390 nm), it is possible to activate two less intense and
vibronically well-resolved long-lived emissions.
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Figure 5.4: Normalized emission and excitation spectra of crystals of 1-Cu at 298 K.
Upper panel: PL spectra (solid line) at λexc = 300 nm (red line) and 390 nm (black line),
and PLE spectra (dashed line) at λem = 460 nm (black line) and 563 nm (red line). Lower
panel: Phosphorescence spectrum (λexc = 420 nm; blue line, delay 100 µs, window 500
µs).

By a more careful analysis, it was recognized that the low energy phosphorescence
(LEP, 536, 582 and 623 nm, 302 µs) is impressively similar to the 1-Ag one. This emission
could be assigned to the presence of H-aggregates in crystal phase: both structures (1-Ag
and 1-Cu) share the same H-aggregate pattern with very similar TT interplanar distances
(see Table 5.1). Th amazing similarity between the LEP emission in 1-Ag, 1-Cu, I-TT
and TT-DITFB suggests its ligand’s H-aggregation origin (TH-S0) also for the copper
derivative.19 It is also clear, by comparison between 1-Ag and 1-Cu, that that metals
play only a secondary “extrinsic” role in this kind of radiative relaxation decay.19

The higher energy phosphorescence (431, 460 and 487 nm) is localized in an area of the
spectrum in between the 1-Ag HEP and MEP. However at low temperature (77 K, Figure
5.5, Upper Panel) this emission display a close similarity with 1-Ag MEP. This similarity is
also corroborated by similar I· · ·C interaction distances (3.721 Åand 3.664 Åfor 1-Cu and
1-Ag, respectively) which are compatible with intermolecular electronic coupling as just
reported for 1-Ag case. Therefore, it is reasonable to use the same acronym (MEP, TI-S0

emission) when referring to this 1-Cu emission. The shorter I· · ·C interaction distance in
1-Ag justifies its MEP lower energy. In the delayed spectrum (Figure 5.6, bottom panel)
only the LEP is visible. As reported for LEP emission, also in MEP and due to its I· · ·C
intermolecular electronic coupling origin, the metal plays a secondary effect, resulting in
shorter emission lifetimes for the lower atomic number Cu(I) derivative with respect to
the Ag(I) one.

The emission spectra of 1-Cu at 77 K (Table 5.3 Figure 5.5, Upper Panel) when
excited at high energy (300-340 nm range) comprises a broad and dominant 3MLCT
phosphorescence (568 nm) together with structured MEP and LEP. Deconvolution of these
emissions in the delayed spectrum reveals that both supramolecular phosphorescences
(MEP and LEP, Figure 5.5, Bottom Panel) are visible and partially overlapped with
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relative intensities varying with the time. This fact, found also into 1-Ag 77 K spectrum,
supports the common origin of the two emissions.

Figure 5.5: Normalized emission and excitation spectra of crystals of 1-Cu at 77 K. Upper
panel: PL spectra (solid line) at λexc = 340 nm (blue line); 390 nm (red line); and 420 nm
(black line), and PLE spectra (dotted line) at λem = 460 nm (red line); 530 nm (green
line) and 633 nm (blue line). Lower panel: Phosphorescence spectra (λexc = 420 nm; black
line, delay 100 µs, window 500 µs; red line, delay 1 ms, window 5 ms).

Briefly, the photophysical and experimental results for 1-Cu and 1-Ag can be summa-
rized as follow: at the intramolecular level, for 1-Cu, the dominant deactivation channel,
when excited at high energy, is from a 3MLCT triplet populated through ISC from sin-
glet manifolds. This channel is absent in the case of 1-Ag for which fluorescence and a
ligand centered phosphorescence (HEP) are observed. At the supramolecular level, MEP
and LEP are present for both the compounds.

To better understand the origin of the intramolecular emissions, DFT and TDDFT
computational studies have been performed on [M(TT)I]4 (M = Ag or Cu) models. Ge-
ometry optimization of the models produces a loss of symmetry of the [M(TT)I]n poly-
meric structure due to major boundary effects. This may produce an artificial splitting
of the electronic excitation levels, so that a close one-to-one correspondence between the
computed and observed states is not allowed.

The first S1 level has been calculated at 274 and 307 nm for 1-Ag and 1-Cu re-
spectively, with a 1XMCT character and some 1XMLCT contribution greater for the Cu
compound with respect to the Ag one. Accordingly, by means of a Quantum Theory of
Atoms in Molecules (QTAIM),20 the Cu-N bond shows a higher shared-shell character
rather than Ag-N one. This is proved by the larger value of delocalization index (average
number of shared electrons between M and N) that is 0.452 for the Cu-N bond and 0.368
for the Ag- one. According to this finding the metal contribution in 1-Cu is greater than
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in 1-Ag, resulting in a main relaxation process ruled by MLCT transition, suppression of
fluorescence through ISC to close triplets and shorter lifetimes.

DFT-TDDFT computational analysis calculated the first triplet levels (T1-T4 and T1-
T3 for Ag and Cu CPs, respectively) at 324 and 329 nm for 1-Ag and 1-Cu respectively
with a mixed 3LC/3XMLCT character. In addition, a lower energy 3XMCT/3XMLCT
triplet state (T4, at about 0.01 eV from T1-T3) was computed for 1-Cu but it is not present
in 1-Ag. However, for this latter compound, pure 3XMLCT triplet states (T9 and T14)
were calculated at higher energy lacking a close singlet state preventing their population
by ISC. In 1-Ag, it is possible to direct populate HEP triplet state either through triplet
direct population at low energy or through ISC from S1. This latter process is helped by
presence of T15 and T16 triplet states close to S1 and sharing a partial σ character derived
from coordinated nitrogen atoms.

In 1-Cu, the unresolved low energy phosphorescence (at 568 nm) activated by ex-
citing at 300 nm, may originate from a T4 triplet state could relax to a lower energy
than that of T1-T3. Again, T4 could be populated directly from S1 through ISC process
or by internal conversion from higher triplet states. Finally, the higher shell-shared char-
acter of the Cu-N bond could explain the shorter lifetimes of MEP and LEP emissions
observed for 1-Cu with respect to 1-Ag, an observation in disagreement with the ex-
pected heavy atom effect which has already been observed in other isostructural Cu and
Ag organometallic compounds.21 A graphical summary of the emission processes for both
derivatives is reported in Figure 5.6. Surprisingly, despite an Ag· · ·Ag distance (3.1591 Å)
significantly shorter than two times the Ag van der Waals radius (3.44 Å), calculations on
the [Ag(TT)I]4 model did not provide the expected Cluster Centered (CC) transition. By
means of QTAIM analysis this result was explained suggesting a reduction of the electron
density distribution around the metal center, exerted by the ligand in that the ligand in
addition to the effect exerted by the iodide ions. For 1-Cu, CC transitions are excluded
since the Cu· · ·Cu distance (3.2479 Å) is much larger than two times the Cu van der Waals
radius (2.80 Å).

Figure 5.6: Schematic photophysical processes of 1-Ag (left) and 1-Cu (right) (fluores-
cence and phosphorescence shown as blue and red arrows, respectively).

3D [AgTTCl]n and [CuTTCl]n coordination polymers 3D [AgTTCl]n and [CuTTCl]n
coordination polymers

Crystals of three dimensional coordination polymer [Ag(TT)Cl]n, hereafter 2-Ag, were
prepared by solvothermal reaction of TT and AgCl in DMF/CH3CN at 393 K for 3
days. The compound crystallizes in the cubic space group Pa with the asymmetric unit
containing one silver atom, one third of TT scaffold and one chlorine atom residing in a
three-fold rotation axis. (see Figure 5.7)
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Figure 5.7: Views of the crystal structures of 2-Ag (Top) and 2-Cu (bottom): showing
the coordination environment around the metallic atoms (left), a single 3D network super-
imposed with the simplified srs net along the a direction (middle), and the two interpene-
trated simplified srs nets of opposite chirality (in red and blue) along the crystallographic
c direction (right). Ellipsoids are drawn at 50% probability. Reproduced with permission
from Ref.7 © the Partner Organisations 202

TT acts as a tridentate ligand in a µ3-bridging coordination mode with all the three
nitrogen atoms coordinated to the metal. Ag(I) displays a AgN3Cl distorted tetrahedral
environment, coordinating three different TT by a µ3-bridging type connection and one
chloride anion (see Table 5.2 for crystallographic parameters). 2-Ag is isostructural to
the 3D framework of [Cu(TT)Cl]n, 2-Cu, previously isolated by solvothermal reaction of
CuCl and TT in DMF/ACN (1:3) solution at 393 K.2 Both compounds show the same 3-
connected 3D coordination network of chiral srs topology in which both TT centroids and
metal atoms are the 3-connected nodes (Figure 5.7).18,22 In 2-Ag the cyclic triimidazole
units belonging to different srs networks are involved in stacking interactions featured by
distances very similar to those found for 2-Cu.

Parameter 2-Ag 2-Cu

M-Cl (Å) 2.4562(5) 2.2567(10)

M-N(TT) (Å) 2.3544(10) 2.1295(13)

M···M -
7.814(3)
6.398(3)

TT mean plane (Å) 3.3281(4) 3.3135(3)

Distance triazine
centroids

3.2797(6) 3.2892(15)

Table 5.2: Comparison of selected structural parameters for 2-Ag and 2-Cu.

The photophysical investigation of 2-Ag at 298 K (Table 5.3 and Figure 5.8, Upper
Panel) reveals an excitation-dependent steady-state emissive pattern. Excitation at 360
nm activates a broad fluorescence (448 nm, τav = 4.45 ns) while a broad unresolved phos-
phorescence peaked at 505 nm appears when exciting at 440 nm. Time-resolved emission
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spectra at room temperature allow to disclose the presence of two long-lived superimposed
emissions: one broad with shorter lifetimes and one longer-lived vibrationally resolved (526,
565 and 615 nm, τav = 47.7 ms) (see Figure 5.8 Bottom Panel). This latter emission is
very similar in shape and position to the LEP of 1-Cu and 1-Ag and, according to XRD
crystal structure, can be assigned to the presence of H-aggregate dimers in 2-Ag.

Figure 5.8: Normalized emission and excitation spectra of crystals of 2-Ag at 298 K.
Upper panel: PL spectra (solid line) at λexc = 360 nm (blue line) and 440 nm (green line),
and PLE spectra (dotted line) at λem = 450 nm (blue line) and 520 nm (green line). Lower
panel: Phosphorescence spectra (λexc = 360 nm; black dotted line, delay 200 µs, window
500 µs; green solid line, delay 5 ms, window 20 ms). Reproduced with permission from
Ref.7 © the Partner Organisations 2021

A comparison with the isostructural 2-Cu derivative was carried out by newly re-
investigate the photophysical behavior of the Cu(I) coordination polymer. Differently from
the previously described monodimensional CPs and the three dimensional 2-Ag, in 2-Cu
the steady-state spectrum is not affected by the excitation wavelength and displays a
dominant 3MLCT broad band at 570 nm (overall Φ = 4%, see Table 5.3 Figure 5.9,
Upper Panel). The time-resolved spectrum suggests that this broad emission results by
the concomitant presence of two long-lived emissions at 515 and 560 nm (τav = 6.24 µs and
3.56 ms, respectively, Figure 5.9, Bottom Panel). Although lacking the vibronic progression
reported for other compounds of the TT family, the second emission is probably ascribable
to the presence of H-dimers in crystal structure. The high energy emission, on the other
hand, is associated with a triplet state of intramolecular origin TM.
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Figure 5.9: Normalized emission and excitation spectra of crystals of 2-Cu at 298 K.
Upper panel: PL spectra (solid line) at λexc = 300 nm (red line) and 460 nm (blue line),
and PLE spectra (dashed line) at λem = 410 nm (green line) and 578 nm (black line).
Lower panel: Phosphorescence spectra, λexc = 360 nm (red line, delay 100 µs, window 200
µs; blue line, delay 5 ms, window 50 ms).

Similarly to what observed in 1-M compounds, also in the case of the 2-M derivatives a
reduced extrinsic heavy atom effect was detected for Ag with respect to Cu. This is evident
in the photophysical behavior of 1-Ag and 2-Ag for which not only longer lifetimes of
emission are found but also the presence of fluorescent decay from S1, competitive with ISC
process to triplet states, suggesting a reduced silver effect on the photophysical behavior.

DFT and TDDFT studies on [M(TT)3Cl] models suggest a similar disposition of
electronic levels for both the compounds. In both cases, lower energy triplet states with
3LC/3MLCT character are computed. As in 1-Ag, these triplet states can be populated
by either triplet direct population at low energy or by ISC from S1-S3 levels close in energy
to the triplet states (T16-T18 for Ag(TT)3Cl and T13-T15 for Cu(TT)3Cl). The latter pro-
cess is made easier by a partial σ character of S1-S3 derived from the coordinating N atom.
Transitions involved in the photophysical behavior of 2-Ag and 2-Cu are summarized in
Figure 5.10.
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Figure 5.10: Schematic photophysical processes of 2-Ag (left) and 2-Cu (right) (fluores-
cence and phosphorescence shown as blue and red arrows, respectively).

3D[Ag3(TT)4]n (NO3)3n·6H2O coordination polymer 3D [Ag3(TT)4]n(NO3)3n·6H2O
coordination polymer

An additional 3D coordination polymer [Ag3(TT)4]n(NO3)3n ·6H2O was obtained by adding
an ethanolic solution of AgNO3 into a TT DCM solution. After filtration, the resulting
clear solution was slowly evaporated to give crystals of 3-Ag. The crystalline compound
can be also prepared by slow diffusion of an ethanolic solution of AgNO3 into a DCM
solution of TT. 3-Ag crystallizes in the cubic space group. The asymmetric unit is com-
posed by one silver ion located on a four-fold rotoinversion axis, one third of TT unit
whose centroid lyes on a three-fold axis, a disordered nitrate ion around a fold axis and a
disordered water molecule lying on a two-fold axis (Figure 5.11).

Figure 5.11: Views of the crystal structure of 3-Ag showing the coordination environment
around the silver atoms (left), the single 3D coordination network along the crystallo-
graphic a direction (middle), and the simplified (3,4)-connected net of ctn topology along
the [1 1 1] direction (right). Water molecules and nitrate anions are omitted for clarity.
Ellipsoids are drawn at 50% probability. Reproduced with permission from Ref.7 © the
Partner Organisations 2021

Four TT units coordinate one silver atom which has a distorted tetrahedral environ-
ment (tetragonal disphenoid) with Ag-N bond distance equal to 2.308(4) Åand N-Ag-N
bond angles of 2 × 124.7(2) and 4 × 102.45(9)◦. As in the previously discussed 2-Ag,
the cyclic triimidazole units adopt a µ3-bridging coordination mode, giving as a result a
binodal (3,4)-connected 3D coordination network of ctn topology18,22 in which TT is the
3-connected node and Ag is the 4-connected one. No stacking interactions between cyclic
triimidazole units were detected in this structure. The water molecules and nitrate anions,
located in the void spaces of the structure, are involved in hydrogen bond interactions
generating a supramolecular network in the cavities of this 3D coordination network.

The photophysical analysis of 3-Ag at room temperature (overall Φ = 7.5%, Table 5.3
and Figure 5.12 Upper Panel) displays an excitation-dependent emissive behavior. More
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in details, a broad fluorescence (404 nm, τav = 1.49 ns) is visible by excitation at 300
nm, while when exciting at longer wavelengths, it is possible to observe two long-lived
emissions at 454 nm (λexc = 405 nm, τav = 3.41 ms) and 556 nm (λexc = 500 nm, τav =
1.04 ms), respectively. The two phosphorescences can be isolated through time-resolved
spectroscopy by exciting at 300 nm(Figure 5.12, bottom panel).

Figure 5.12: Normalized emission and excitation spectra of crystals of 3-Ag at 298 K.
Upper panel: PL spectra (solid line) at λexc = 300 nm (green line); 405 nm (red line); and
500 nm (black line), and PLE spectra (dotted line) at λem = 410 nm (green line) and 566
nm (black line). Lower panel: Phosphorescence spectra, λexc = 300 nm (black line, delay
50 µs, window 100 µs; green line, delay 2 ms, window 10 ms).

The excitation spectrum highlights the presence of a highest peak (340 nm) that can
be assigned to the first excitation singlet state 1ES1, with a shoulder at 300 nm that might
correspond to 1ES2. The lower energy bands at 400 and 460 nm (more evident at low tem-
perature), can be related to triplet states of different nature (3ETn and 3ET1) indicating
an anti-Kasha behavior of 3-Ag able to emit also from a high energy triple state. Differ-
ently from the previously reported 1-M and 2-M CPs, this compound lacks of H-aggregate
stacking and so the observed phosphorescences must arise from molecular entities rather
than supramolecular ones. DFT/TDDFT analysis, computed using [Ag(TT)4]

+ as model,
revealed that all low energy transitions involve molecular orbital (MOs) localized on the
ligand with lower contribution of metal in th first unoccupied orbitals. In particular, the
low energy singlet and triplet states (S1-S4 and T1-T4), calculated at 234 (1ES1) and 330
(3ET1) nm, have mainly LLCT and minor ILCT character. Moreover, a deeper investiga-
tion on MO’s population of the [Ag(TT)4]

+ cluster shows that these transitions involve
a charge transfer from two cyclic triimidazole units to the other two units (LLCT tran-
sitions) or the same two (ILCT ones). Only at high energy, singlet (S13-S16) and triplet
(T9-T12) states, computed at 205 and 295 nm, with partial contribution of the metal on
the MOs are found. The difference nature of T1-T4 (3ET1) and T9-T12 (3ETn) could ex-
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plain the observed double phosphorescent emissions. Population of these levels may occur
through either direct excitation or by ISC process from close singlets manifolds featured
by appropriate MO’s population. A summary of the excitation and emission processes of
3-Ag is sketched in Figure 5.13.

Figure 5.13: Schematic photophysical processes of 3-Ag. Fluorescence and phosphores-
cence shown as blue and green/red arrows, respectively.

This mechanism appears to be the only appropriate to justify the intriguing emissive
behavior and the anti-Kasha emission. However, this scheme is inconsistent with some
experimental results concerning the activation of both the phosphorescences by ISC from
S1 and that they have similar lifetimes despite the greater metal contribution in the higher
energy one. However it is worthy to point out that, as observed for the other silver deriva-
tives previously described, the metal contribution to lifetime is only marginal.
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5.1.1 Conclusion

In this work, the versatility of cyclic triimidazole in assembling coordination polymers
is extended to the preparation of new 1D and 3D silver(I) networks. Remarkably, 1-Ag
and 2-Ag feature the H-aggregation packing mode, characteristic of TT itself and many
derivatives, which is not found in 3-Ag. The detailed photoemissive and computational
studies on three Ag(I) compounds, correlated with two isostructural Cu(I) derivatives,
allow to shed light on interesting aspects concerning their emissive behavior. All Ag(I)
CPs display an excitation-dependent emission behavior with both fluorescence and mul-
tiple ligand-centred room-temperature phosphorescences. The Ag(I) compounds show a
radiative decay path mostly of ligand centered character, whereas the Cu(I) derivatives
display non-thermally equilibrated halogen and metal-to-ligand charge transfer and two
ligand-centred phosphorescences, the latter observed only by their selective activation. The
different nature of Cu-N and Ag-N coordination bond has been investigated with QTAIM
topological analysis of electrodensity, revealing a higher covalent and local character for the
Cu-N bonds which explains the greater metal-ligand electronic communication observed
for the Cu compounds.

Differently from what expected, Ag(I) and Cu(I) display similar quantum yields and
emissive properties. It is worth to be noted the results obtained for the double-stranded
stairs which display almost overlapping emissions associated with H-aggregates of the
ligand (LEP) and I· · ·C intermolecular electronic coupling by an extrinsic heavy-atom
effect (MEP). Interestingly, this distinctive signature of the structured LEP is absent
in 3-Ag, confirming unambiguously the assignment of this band to the presence of TT
H-aggregates. Surprisingly, no argentophilic interaction has been detected in the 1-Ag
structure, despite the quite short Ag· · ·Ag interatomic distance.
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Chapter 6

Cyclic Triimidazole Derivatives as
Stabilizers for Gene Promoter and
Human Telomeric DNA
G-Quadruplexes

Intro The potentialities of the TT scaffold as a versatile chromophore or ligand have been
expanded by investigating the applicability of TT-based compounds as DNA stabilizing
agents. Encouraging results in this regard have been previously described for Pyr-TT,
which has been successfully applied for in vivo bioimaging in human and bacterial cells.1 It
is also known from the literature that triazinic functionalities are frequently used in biolog-
ical field2 due to their ability to mimic purine moieties and/or to work as central core for
further modification.3 Moreover, the TT scaffold shares certain structural properties with
known G-quadruplex binding ligands, such as a planar aromatic conformation.4 Based
on these, I focused my investigation on G-quadruplex (G4), a secondary non-canonical
structure of nucleic acids that self-folds within a DNA or RNA sequence containing highly
amount of guanine (G) which are repeated inside the biopolymer sequence.5,6 G4s are
stabilized by monovalent cations, such as K+ and Na+ (largely abundant in nuclei and
cytoplasm, respectively), forming stacks of G-quartets. Interestingly, it is found that puta-
tive G4-forming sequences are present in genomic regions involved in several pathologies,
spanning from viral infections to cancer, where they can rule the genetic information trans-
fer. Extensive studies on these peculiar structures contained in human cells revealed that
G4s are involved in the replication and transcription expression of oncogenes and other
cancer-related genes. Additionally, they are found as well as to have a role in DNA repair
and maintenance of the stability of chromosome ends.7,8 Targeting G-quadruplexes has
gained larger interest as a novel promising antitumor strategy.6,9,10 Along the two past
decades several efforts have been spent in the development and research of small molecules
able to selectively recognize G4 structures. The common G4 ligands characteristics have
been extensively pointed out by several research groups.4,11,12 Even if there are some
notable exceptions,13,14 in the largest part of cases these include large planar aromatic
systems that can be stacked in the external G-quartets, and the presence of cationic or
positively charged tethered substituents for the interaction with the grooves and loops of
the G4s and with the negatively charged phosphate DNA backbone. Based on the above
reported characteristics, it is to be noted that the TT scaffold shares certain structural
properties, such as the extended flat conformation, with G4 binders. Furthermore, TT can
be mono-, di-, and tri-derivatized with positively charged(-able) groups able of increasing
both the entry into cells and G4 binding. During this PhD work, several TT derivatives
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bearing polar and hydrophilic groups have been designed and synthetized with the aim
to assess their ability to bind and stabilize biological relevant G-quadruplexes and to un-
derstand their selectivity. More in detail, TTs decorated with one, two or three pyridine
fragments bound to the central ring system through either carbon 2 or 4 have been syn-
thesized (Scheme 6.1). The pyridinic fragments were salificated by methylation resulting
in positively charged water soluble salts bearing the charge at different distances from
the central core (Scheme 6.2). In parallel, a series of hydrophilic TT derivatives have been
prepared by reacting the corresponding mono-, di- and tri-aldehydic TTs compounds with
aminoguanidine (Schemes 6.3 and 6.4).15–17

6.0.1 Results and Discussion

Synthesis of 2-Pyridinyl and 4-Pyridinyl TT Families

The TT core was decorated with one, two or three pyridine fragments starting from the
corresponding TT-brominated derivatives. Subsequent methylation by reaction with CH3I
produced water soluble molecules with an aromatic, planar central core and one, two or
three more flexible and positively charged polar tails. Brominated derivatives, Br-TT,
Br2-TT and Br3-TT, were prepared as previously reported and then reacted through
Stille or Suzuki coupling to give the target compounds as shown in Scheme 6.1.18,19

Scheme 6.1: Synthesis for the preparation of (2Py)x- and (4Py)x-TT

The 2-pyridine derivatives, 2Py-TT,20 3,7-di(pyridine-2-yl)triimidazo[1,2-a:1’,2’-
c:1”,2”-e][1,3,5]triazine, hereafter (2Py)2-TT, and 3,7,11-tri(pyridine-2-yl)triimidazo[1,2-
a:1’,2’-c:1”,2”-e][1,3,5]triazine, hereafter (2Py)3-TT, were prepared by Stille cross cou-
pling between Br-TT, Br2-TT and Br3-TT and 2-(tributylstannyl)pyridine. The 4-
pyridine compounds, namely 3-(pyridine-4-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine,
hereafter 4Py-TT, 3,7-di(pyridine-4-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine, here-
after (4Py)2-TT and 3,7,11-tri(pyridine-4-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine,
hereafter (4Py)3-TT, were synthetized by Suzuki cross-coupling between the proper
brominated precursor and 4-pyridinylboronic acid. After purification, they have been char-
acterized by mass spectrometry and NMR spectroscopy.

Once obtained the pure compounds, the nitrogen atoms of the pyridinic rings have
been methylated with CH3I to give the corresponding water-soluble derivatives (Scheme
6.2). Di and tri-substituted pyridine required several days to achieve complete conversion
which has been confirmed by 1H-NMR experiment. The use of CH3I has been supported by
previous experimental results showing that methylation of the basic nitrogens of the TT
central core requires stronger methylating agent like methyl trifluoromethanesulfonate.21
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Scheme 6.2: Methylation of (2Py)x- and (4Py)x-TT

Synthesis of Guanyl Hydrazone TT Derivatives

The guanyl hydrazones Gn-TT, Gn2-TT and Gn3-TT (Scheme 6.4) were prepared by
acid-catalyzed imination of the corresponding aldehydes CHO-TT, (CHO)2-TT and
(CHO)3-TT with aminoguanidine hydrochloride in high yield and purity, as hydrochlo-
ride salts. To obtain the desired aldehydic precursors, TT was formylated via lithium
salt intermediate (see Scheme 6.3). The reactive species were quenched with dry DMF
affording the corresponding aldehydes (CHO)n-TT.

Scheme 6.3: Preparation of (CHO)x-TT series

The formylation on TT was not selective and, in function of equivalents number of
nBuLi, it is possible to deprotonate positions 3, 7 and 11 of the TT ring which was
quenched by DMF providing a mixture enriched by desired CHO-TT, (CHO)2-TT
and (CHO)3-TT product, according to NMR and mass spectrometry data. An alterna-
tive approach, such as Vilsmeyer-Haack formylation, has failed due to the formation of
many unidentified byproducts and minor quantities of the target ones. The three aldehy-
dic compounds were isolated and chemically characterized by means of 1D and 2D-NMR
spectroscopy and mass spectrometry. It is worth to be noted that it was possible to uni-
vocally assigned the positions of the formyl groups through the use of NMR experiments.
The purified compounds were then used for the following imination with aminoguani-
dine hydrochloride to give the guanyl hydrazone targets Gn-TT, Gn2-TT and Gn3-TT
(Scheme 6.4).

Scheme 6.4: Preparation of Gnx-TT series
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6.0.2 Biophysical evaluation of TT-derivatives’ ability to bind to G-
quadruplexes

In vitro biophysical investigation has been carried out in collaboration with prof. Ran-
dazzo’s group at Università di Napoli “Federico II” to study the interactions of the syn-
thetized ligands with both oncogene promoter and telomeric G4-forming sequences. In
these experiments, three G4-forming sequences from the oncogene promoter regions of
BCL-2 (BCL2 G4 ), c-KIT (c-KIT2 G4 ), and c-MYC (c-MYC G4 ), as well as a 26-mer
truncation of the human telomeric DNA sequence (Tel26 G4 ) have been used. Circular
Dichroism (CD) has been employed to detect variation in the topology of the four G4 DNA
structure due to interaction with the TT derivatives. CD spectra of c-KIT2 and c-MYC
G4s confirm that they assume a parallel-type G4 conformation as supported by the pres-
ence of a positive band at 262 nm and negative at 240 nm in the spectrum22,23 (hereafter
hybrid 1 form), while BCL2 G4 CD spectra displayed two positive bands at (260 and
290 nm) and a negative one (240 nm) in agreement with the formation of a mixed paral-
lel/antiparallel.24,25 Tel26 G4 presents a CD spectrum with two positive bands (270 and
290 nm) and a negative (240 nm) which are characteristics of a [3+1] hybrid G4 (hybrid 2
type-2) as major.26 Addition of each TT-derivative to the preformed G4s DNA produces
small changes of c-KIT2, c-MYC and BCL2 G4s topology as suggested by slight varia-
tions in the CD peaks intensities. Moreover, Tel26 G4 spectra displays no variations upon
addition of the (2PyMeI)n-TT series. In the opposite way, both the (4PyMeI)n-TT
and Gnn-TT families produce great variations in CD profiles (Figure 6.1). Variations in
Tel26 G4 CD spectra comprise an increase of the positive 290 nm band intensity followed
by a decrease or disappearance of the 270 nm one, indicating that such ligands produce a
conformational variation of Tel26 G4 from hybrid-2 to hybrid-1 form.23,27

Figure 6.1: CD spectra at 20 and 100 °C (solid and dashed lines, respectively) recorded for
Tel26 G4 in 5 mM KH2PO4/K2HPO4 buffer (pH 7.0) containing 20 mM KCl in the absence
and presence of 2 molar equiv. of (4PyMeI)x-TT and Gnx-TT families compounds

Furthermore, the DNA stabilizing abilities of all ligands have been evaluated by CD-
melting experiments, detecting the ligand-induced variation in the melting temperature
(∆Tm) of each G4. Results of these investigation are reported in Table 6.1 and summarized
in Figure 6.2. Noteworthy, the analysis revealed G4-stabilizing effects for largest part of the
tested compounds even at low concentrations (2 molar equivalents of ligand). As expected,
for ligand families sharing the same core and substituent structures but different numbers
of positive charges, the increase of positive charge number results into an increase of G4s
stabilizing effect. As a proof of this observation, the tested compounds are able to stabilize
G4s according to the following series: compounds with three positively charged chains >
two > one.
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Compound ∆Tm (◦C

BCL2 c-KIT2 c-MYC Tel26

(2PyMeI)-TT -1.6 (±0.2) 1.9 (±0.2) 0.8 (±0.2) 0.9 (±0.2)
(2PyMeI)2-TT 0.2 (±0.2) 1.0 (±0.2) 4.7 (±0.2) 2.1 (±0.2)
(2PyMeI)3-TT 6.4 (±0.2) 4.3 (±0.2) 8.1 (±0.2) 5.0 (±0.2)
(4PyMeI)-TT 3.2 (±0.2) 7.0 (±0.2) 2.1 (±0.2) 6.6 (±0.2)
(4PyMeI)2-TT 13.7 (±0.2) 15.3 (±0.2) 3.8 (±0.2) 16.6 (±0.2)
(4PyMeI)3 -TT >30 22.0 (±0.2) 2.1 (±0.2) 22.0 (±0.2)

Gn-TT 7.2 (±0.2) 11.0 (±0.2) 6.2 (±0.2) 2.3 (±0.2)
Gn2-TT >30 27.8 (±0.6) 10.8 (±0.2) 8.4 (±0.2)
Gn3-TT >30 27.7 (±0.2) 16.9 (±0.2) 11.7 (±0.2)

Table 6.1: Compound-induced thermal stabilization of the investigated G4s measured by
CD melting experiments

Figure 6.2: Spider chart showing the ligand-induced thermal stabilization of the G4s mea-
sured by CD melting experiments. ∆Tm values (Table 6.1) are plotted for each sequence.
The asterisks indicate ∆Tm values that were not determined since these compounds in-
creased the thermal stability of BCL2 G4 to values at which it was not possible to deter-
mine the Tm.

It has also been reported that the position of the positive charge and the chain flex-
ibility should deeply affect the thermal stabilization ability of a ligand.6 For the present
compounds, the best thermal stabilization effects have been found for the guanyl hydra-
zone and 4-methylpyridinium TT derivatives while the 2 -methylpyridinium ones produced
a drastic drop of the ligand-induced stabilization properties.

Investigation on binding interaction for the compounds have not exhibited any ability
to discriminate between different G4 conformations (i.e., parallel, hybrid G4s and mixed),
even though three of them ((4PyMeI)3-TT, Gn2-TT and Gn3-TT) displayed a discrete
preference for BCL2 over the others, as suggested by the highest thermal stabilization
∆Tm observed in such cases (Figure 6.2).

Förster resonance energy transfer (FRET) melting assays have been employed to con-
firm the ligand-G4 stabilizing properties of (4PyMeI)3-TT, Gn2-TT and Gn3-TT
which are the best candidates resulting from CD melting experiments. Additionally, FRET
melting assays have been used to estimate the ability to discriminate among duplex DNA
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and G4 forms. In this assay, the FAM/TAMRA dual-labelled human telomeric G4 sequence
(F21T), featured by a low thermal stability, has been used to evaluate the G4-stabilizing
effects induced by the three compounds. Results reported in Table 6.2 corroborate the re-
markable stabilizing ability of TT-(4PyMeI)3, TT-Gn2 and TT-Gn3 towards telomeric
G4 and provide evidence for greater stabilizing properties of guanyl hydrazone derivatives
(rather than the pyridinium ones) probably due to higher flexibility of the peripheral
fragments which could favour better interactions with the grooves/loops of G4s.

Compound
∆Tm (◦C

F21T F21T + ds26 F21T + ds26
(1:15) (1:50)

(4PyMeI)3-TT 19.0 6.4 3.7
Gn2-TT 22.4 7.1 2.3
Gn3-TT > 30 6.5 2.8

Table 6.2: Ligand-induced thermal stabilization of F21T G4 measured by FRET melting
competition assays. ∆Tm values are the differences between the Tm of F21T in the presence
(2 molar equiv. with respect to G4) and absence of the selected ligands, without or with
large excesses of unlabeled duplex DNA (ds26 at 15 and 50 molar equiv. with respect to
G4).

FRET melting experiments in the presence of large excess of unlabelled competitor
have been carried out to assess the selectivity of the three ligands for G4 over duplex forms
(double-stranded sequence ds26 ). In these experiments, if the competitor has affinity for
the ligand, it will sequester a significant fraction of it, which will be no longer available
for fluorescent G4-forming oligonucleotide stabilization, leading to a decrease in Tm. The
results of the experiments indicated a duplex concentration-dependent decrease of the
G4/ligand thermal stabilities for (4PyMeI)3-TT, Gn2-TT and Gn3-TT (Table 6.2),
suggesting the need to improve the selectivity of this families of molecules toward G4
structures.

Finally, evaluation of the equilibrium dissociation constants (K d) has been carried out
through microscale thermophoresis (MST) experiments to make a quantitative analysis of
the binding affinity of the three compounds towards G4s and to evaluate the G4/Duplex
DNA selectivity.25,28 This technique allows the determination of K d by ligand-induced
changes analysis in the thermophoretic behaviour of a fluorescently labelled target molecule
under microscopic temperature gradients. The experimental results of MST tests suggest
that (4PyMeI)3-TT, Gn2-TT and Gn3-TT are able to bind Tel26 G4 with Kd equal
to 5.0 (±0.5), 3.0 (±2.0), and 3.2 (±0.7) × 10-7 M, respectively. MST data indicate also
a slightly higher G4 binding affinity for guanyl hydrazone compounds with respect to
(4PyMeI)3-TT. Additionally, MST experiments have been also conducted to determine
the interaction of the ligands with a hairpin-forming duplex model. K d values of 9.5
(±5.0), 0.8 (±0.3), and 0.4 (±0.1) × 10-6 M have been calculated for (4PyMeI)3-TT,
Gn2-TT and Gn3-TT, respectively, showing a higher preference of (4PyMeI)3-TT for
the telomeric G4 over duplex DNA, followed by Gn2-TT, while compound Gn3-TT
displayed no selectivity between the two structures. In the end, these results indicate the
possibility of modulating the ligand selectivity by tuning the length, flexibility and number
of the positively-charged side chains.

6.0.3 Conclusion

To conclude, three TT-derivatives families, N-methylated 2-pyridine and 4-pyridine based
and the guanidine based ones, have been synthetized and preliminary investigated for
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their G-quadruplexes binding affinities. For each series of compounds, the stabilization
increases on going from the mono- to the three-substituted TTs. Comparison among
the two isomeric pyridine families suggested better affinity for the para-substituted one,
showing the importance of the distance from the central triazinic core and of the number
of positive charges. The guanyl hydrazone family has revealed as a good class of ligand
for stabilizing G4 structures but has displayed lower selectively properties against duplex
DNA form. These results, not only open to the use of the aromatic TT scaffold as precursor
of new G-quadruplex binders but also suggest the route for the design of further chemical
functionalization in order to improve selectivity and binding ability.
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Chapter 7

Experimental Procedures

7.1 General Materials and Methods

All reagents and model molecules were purchased from chemical suppliers and used without
further purification unless otherwise stated. Compounds triimidazo[1,2-a:1’, 2’- c:1”,2”-
e][1,3,5]triazine (TT), 3-bromotriimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine (Br-TT), 3,7-
dibromotriimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine (Br2-TT) and 3,7,11-tribromotriim-
idazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine (Br3-TT) were prepared according to literature
procedures1,2.

1H, 13C and 15N NMR spectra were recorded on a Bruker AVANCE-400 instrument
(400 MHz). Chemical shifts are reported in parts per million (ppm) and are referenced to
the residual solvent peak (DMSO, 1H 2.50 ppm, 13C 39.50 ppm or CH2Cl2,

1H 5.32 ppm,
13C 53.84 ppm) and to the NH3 for 15N resonances. Coupling constants (J) are given in
hertz (Hz) and are quoted to the nearest 0.5 Hz. Peak multiplicities are described in the
following way: s, singlet; d, doublet; t. triplet; m, multiplet.

Mass spectra were recorded on a Thermo Fisher LCQ Fleet Ion Trap Mass Spectrom-
eter equipped with UltiMateTM 3000 HPLC system. UV-Visible spectra were collected by
a Shimadzu UV3600 spectrophotometer.

Photoluminescence quantum yields were measured using a C11347 Quantaurus–Absolute
Photoluminescence Quantum Yield Spectrometer (Hamamatsu Photonics K.K), equipped
with a 150 W Xenon lamp, an integrating sphere and a multichannel detector. Steady state
emission and excitation spectra and photoluminescence lifetimes were obtained using both
a FLS 980 (Edinburg Instrument Ltd) and a Nanolog (Horiba Scientific) spectrofluorimeter
composed of a iH320 spectrograph equipped with a Synapse QExtra charge-coupled device.
The steady state measurements were recorded by excitation with a monochromated 450
W Xenon arc lamp and the spectra are corrected for the instrument response. Phosphores-
cence spectra are obtained with a PPD-850 single photon detector module with time-gated
separation by exciting with a pulsed Xe lamp. Photoluminescence lifetime measurements
were performed using: Edinburgh Picosecond Pulsed Diode Laser EPL-375, EPLED-300,
(Edinburg Instrument Ltd) and microsecond flash Xe-lamp (60W, 0.1÷100 Hz) with data
acquisition devices time correlated single-photon counting (TCSPC) and multi-channel
scaling (MCS) methods, respectively. Nanolog TCSPC measurements are performed using
DeltaTime series DD-300 DeltaDiode and a DD-405L DeltaDiode Laser, with a PPD-850
single photon detector module and are analysed with the instrument software DAS6. Av-

erage lifetimes are obtained as τav =
∑︁ Aiτ

2
i

Aiτi
from bi-exponential or three-exponential

fits. Low temperature measurements are performed by immersion of the sample in a LN2

quartz dewar or with a variable temperature liquid nitrogen cryostat Oxford DN1704.
UV–Visible spectra were collected by UV-3600i Plus UV-VIS-NIR Spectrophotometer

(Shimadzu Italia S.r.l., Milan, Italy). Fluorescence quenching experiments were carried

162



out using FluoroLog 3 (Horiba UK Limited, Northampton, United Kingdom) spectroflu-
orometer. The steady state measurements were recorded by a 450 W Xenon arc lamp.

7.2 Synthesis and characterization of Chloro TT-derivatives
Clx-TT

Compounds ClxTT were prepared by chlorination of cyclic triimidazole TT with N -
chlorosuccinimide (NCS) and catalytic trifluoroacetic acid (TFA) in acetonitrile. In a typ-
ical reaction, in a one-necked flask with a magnetic stirrer TT (0.500 g, 0.252 mmol) were
dissolved in CH3CN (150 mL) at room temperature and few drops of TFA were added to
the solution. A solution of NCS in CH3CN (0.010 g/mL) was then slowly added through
a dropping funnel in 30 minutes (case a: 2 eq. of NCS, case b: 4 eq. of NCS). The reaction
was stirred for 16 hours giving a mixture of Cl-TT, Cl2-TT and Cl3-TT, as revealed
by thin layer chromatography (CH2Cl2:CH3CN=8: 2; for Cl-TT Rf=0.30; for Cl2-TT
Rf=0.60; for Cl3-TT Rf=0.84). The reaction mixture was then added with 20 mL of
acetone and the solvent was evaporated to dryness. The crude product was purified by
chromatography supported on Biotage equipped with SFAR 10 g cartridge (SiO2) with
gradient elution. Gradient from CH2Cl2= 100 to CH2Cl2 :CH3CN = 30: 70.

Yields: Case a (2 eq) of Cl-TT = 47%; yield of Cl2-TT = 38%; yield of Cl3-TT =
3%. Case b (4 eq): yield of Cl-TT = 21%; yield of Cl2-TT = 61%; yield of Cl3-TT =
16%.
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7.2.1 3-chlorotriimidazo[1,2-a1’,2’-c:1”,2”-e][1,3,5]triazine (Cl-TT)

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm): 1H NMR 7.99 (1H, d, J= 1.7 Hz),
7.94 (1H, d, J=1.7 Hz), 7.35 (1H, s), 7.32 (1H, d, J=1.7 Hz), 7.28 (1H, d, J=1.7 Hz);
13C NMR: 135.6, 135.0, 134.9, 128.3 (CH), 128.2 (CH), 125.3 (CH), 111.4 (CH), 111.3
(CH), 111.0 (CCl). HRMS

(ESI-positive ion mode): calcd for C9H6ClN6 233.0342 [M+H]+, found 233.0342.
FTIR-ATR ν (cm−1): 3090, 1610, 1582, 1512, 1454, 1425, 1327, 1242, 1161, 1132,

1109, 966, 906, 860, 812, 764, 725, 685.
Elem. Analysis Anal. Calcd. for C9H5ClN6 (%): C, 46.47; H, 2.17; N, 36.13. Found:

C, 46.50; H, 2.27; N, 35.01. Melting point 215◦C.

LC-MS Profile of Cl-TT
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1H NMR spectrum of Cl-TT (top) with aromatic expanded region (bottom)
(400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of Cl-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, DMSO-d6)
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7.2.2 3,7-dichlorotriimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine Cl2-TT)

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm): 1H NMR 7.99 (1H, d, J= 1.7 Hz),
7.39 (1H, s), 7.35 (1H, s), 7.32 (1H, d, J=1.7 Hz); 13C NMR: 135.0, 134.9, 134.4, 128.4
(CH), 125.5 (CH), 125.3 (CH), 111.3 (CCl), 111.2 (CH), 111.1 (CCl).

HRMS (ESI-positive ion mode): calcd for C9H5Cl2N6 266.9953 [M+H]+, found
266.9955.

FTIR-ATR ν (cm−1): 3123, 3086, 1582, 1510, 1429, 1315, 1238, 1175, 1146, 1130,
1097, 1070, 995, 932, 904, 878, 829, 748, 685.

Elemental Analysis Anal. Calcd. for C9H4Cl2N6 (%): C, 40.48; H, 1.51; N, 31.47.
Found: C, 41.17; H, 1.59; N, 31.29.

Melting point 256◦C.

LC-MS profile of Cl2-TT
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1H NMR spectrum of Cl2-TT (top) with aromatic expanded region (bottom)
(400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of Cl2-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, DMSO-d6)
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7.2.3 3, 7, 11-trichlorotriimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine Cl3-
TT)

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm): 1H NMR 7.40 (1H, s); 13C NMR
135.4, 125.6 (CH), 111.4 (CCl). HRMS (ESI-positive ion mode): calcd for C9H4Cl3N6
300.9563 [M+H]+, found 300.9561.

FTIR-ATR ν(cm−1): 3092, 1587, 1514, 1429, 1302, 1230, 1171, 1101, 930, 870, 812,
679. Elemental Analysis C9H3Cl3N6 (%): C, 35.85; H, 1.00; N, 27.87. Found: C, 36.25; H,
1.07; N, 27.53.

Melting point 266◦C.

LC-MS profile of Cl3-TT
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1H NMR spectrum of Cl3-TT (400 MHz, 298 K, DMSO-d6)

13C NMR spectrum of Cl3-TT (100 MHz, 298 K, DMSO-d6)
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7.3 Synthesis and characterization of 3-(pyridin-2-yl)triimi-
dazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine 2Py-TT)

2Py-TT is obtained by Stille coupling between 3-bromotriimidazo[1,2-a:1’,2’-c:1”,2”-
e][1,3,5]triazine (Br-TT) and 2-(tributylstannyl)pyridine. The reaction is performed in
a closed cylindrical Pyrex flask fitted with a central neck bearing a side neck equipped
with a Rotaflo stopcock. Br-TT (0.500 g, 0.181 mmol), LiCl (0.685 g, 16.160 mmol) and
Pd(PPh3)2Cl2 (0.038 g, 0.054 mmol) are transferred inside the cylindrical flask, to this mix-
ture 2-(tributylstannyl)pyridine (assay 85%, 1 mL, 2.70 mmol) and anhydrous toluene (15
mL) are added and three freeze-pump-thaw cycles are performed. The mixture is heated at
393 K under static nitrogen for 20 hours. After cooling to room temperature, the reaction
mixture poured into NaOH 1M (20 mL) and stirred for 15 minutes. The biphasic solution
is diluted with AcOEt (60 mL) and H2O (40 mL) and separated. The aqueous phase is
extracted with an additional 3×10 mL of AcOEt, and the combined organic phases are
dried over Na2SO4, filtered and evaporated to dryness. The crude product is purified by
column chromatography on silica gel (CH2Cl2:MeOH = 95:5; Rf = 0.38) to give 2Py-TT
(0.370 g, yield 75%). Single crystals of the three different polymorphs are obtained as lam-
inae (2Py-TT-A), needles (2Py-TT-H) and rectangular blocks (2Py-TT-X) by slow
evaporation of CH2Cl2/CH3OH, CH3CN/H2O and CH3CN solutions, respectively.

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm): 1H NMR 8.65 (ddd, J = 4.8,
1.7, 0.9 H, 1H), 8.10 (dt, J = 8.0, 0.9 Hz, 1H), 8.0 (d, J = 1.7 Hz, 1H), 7.98 (d, J = 1.6
Hz, 1H), 7.9 (tt, J = 5.6, 2.8 Hz, 1H), 7.54 (s, 1H), 7.41 (m, 1H), 7.31 (d, J = 1.7 Hz,
1H), 7.22 (d, J = 1.6 Hz, 1H); 13C NMR: 149.1 (CH), 147.4, 136.8, 135.9 (CH), 135.6,
129.4 (CH), 128.6 (CH), 127.9, 127.8 (CH), 124.8 (CH), 122.9 (CH), 111.8 (CH), 111.4
(CH); 15N NMR: 308.4, 224.5, 218.8, 218.3, 154.3, 153.1, 149.8 (Fig. S1 - S5).

MS (ESI-positive ion mode): m/z 276.2 [M+H]+.
Films of 2Py-TT: FIlm of 2Py-TT dispersed in polymethylmethacrylate (PMMA)

were prepared by spincoating (2000 rpm, 60 s) a dichloromethane solution (2Py-TT/PMMA
= 5 or 10 wt%; PMMA = 10 wt% with respect to the solvent) on a quartz substrate.
Microscopy fluorescence images were collected with a Nikon Eclipse TE2000-U inverted
confocal microscope by exciting with a 100 W Hg lamp with a 330–380 nm band-pass
excitation filter OLED devices were fabricated with the architecture Indium tin oxide
(ITO)/poly-(3,4- ethylenedioxythiophene)-poly-(styrenesulfonic acid) (PEDOT:PSS, 35
nm)/polyvinylcarbazole (PVK) 67wt.%:2-(4-tert-Butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole
(PBD) 23wt.%: 2Py-TT 10wt.%/2,2’,2”-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole
(TPBI)/Barium(4nm)/Aluminum(100nm). The active layer film (80 nm) was deposited
from 15 mg/ml CH2Cl2 solution by spin-coating at 3000 rpm in glove box. TPBI (20nm)
was thermally evaporated in high vacuum. The device active area is 0.054 mm2. Photons
emitted in forward direction through the glass substrate were collected by a calibrated
photodiode. Current density- Luminance-voltage curves are recorded by Keithley 2602
apparatus.
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LC-MS profile of 2Py-TT
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1H NMR spectrum of 2Py-TT (top) with aromatic expanded region (bottom)
(400 MHz, 298 K DMSO-d6)
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13C NMR spectrum of 2Py-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K DMSO-d6)
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7.4 Synthesis and characterization of Pyrenic TT-Derivatives

7.4.1 3-(Pyren-1-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine (Pyr-
TT)

Pyr-TT is prepared by Suzuki cross-coupling between Br-TT and pyrene-1-boronic acid.
In a typical reaction, Br-TT (0.200 mg; 0.722 mmol), pyren-1-ylboronic acid (0.246 g,
1.000 mmol), K2CO3 (0.400 g, 2.894 mmol), Pd(PPh3)2Cl2 (0.025 g, 0.036 mmol), water
(2mL) and DMF (10 mL) are transferred inside a 100 mL Schlenk flask equipped with a
magnetic stirrer. The system is heated under static nitrogen atmosphere at 130◦C for 12 h.
The reaction is then cooled to room temperature, poured into water (100 mL) and filtered
on a buchner. The solid crude reaction mixture is further purified by automated flash
chromatography on SiO2 with a gradient of MeOH in DCM as eluents to give the product
as a pale yellow solid (0.2580 mg; Yield 90%; Rf,=0.7 in DCM/MeOH =95/5). Long
needled shaped crystals suitable for single crystal X-ray diffraction analysis are obtained
by slow evaporation at room temperature of DCM/Hexanes (8/2) or DCM/EtOH (8/2)
solutions, to give Pyr-TT(RT) and Pyr-TT(Et), respectively.

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm): 1H NMR: 8.38 (1H, d, J = 7.8
Hz), 8.37 (1H, d, J = 7.5 Hz), 8.29 (3H, m), 8.18 (1H, d, J = 7.8 Hz), 8.10 (4H, m), 7.86
(1H, d, J = 1.5 Hz), 7.46 (1H, s), 7.35 (1H, d, J = 1.6 Hz), 6.81 (1H, d, J = 1.5 Hz); 13C
NMR 137.02, 136.32, 131.96, 131.35, 131.25, 130.90, 130.20 (CH), 129.02 (CH), 128.95
(CH), 128.62 (CH), 128.54 (CH), 128.16 (CH), 127.84 (CH), 126.97 (CH), 126.25 (CH),
126.11 (CH), 125.98 (CH), 125.65, 124.70 (CH), 124.16, 124.01, 112.28 (CH), 111.42 (CH).

LC-MS (ESI-positive ion mode, gradient in H2O/CH3CN 5% to 100% in
60 min): m/z = 399 [M+H]+; r.t= 45.59 min.
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LC-MS profile of Pyr-TT
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1H NMR spectrum of Pyr-TT (top) with aromatic expanded region (bottom)
(400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of Pyr-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, DMSO-d6)
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7.4.2 3,7-di(Pyren-1-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine (Pyr2-
TT)

Pyr2-TT was prepared by Suzuki coupling between Br2-TT and pyrene-1-boronic acid.
In a typical reaction, Br2-TT (0.595 g; 1.671 mmol), pyren-1-ylboronic acid (0.970 g,
3.943 mmol), K2CO3 (1.300 g, 9.406 mmol), Pd(PPh3)2Cl2 (0.170 g, 0.242 mmol), water
(3 mL) and DMF (25 mL) were transferred inside a 100 mL Schlenk flask equipped with
a magnetic stirrer. The system was heated under static nitrogen atmosphere at 130◦C for
12 h. The reaction was then cooled to room temperature, poured into water (200 mL) and
filtered on a Büchner. The solid crude reaction mixture was further purified by automated
flash chromatography on SiO2 with DCM/CH3CN as eluents to give the Pyr2-TT product
as a yellow solid (0.724 mg; Yield 72%; Rf = 0.5 in DCM/CH3CN = 95/5)

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm): 1H NMR: 8.46-8.07 (18H, m),
8.01 (1H, d, J = 1.5 Hz), 7.53 (1H, s), 6.98 (1H, s), 6.88 (1H, d, J = 1.5 Hz); 13C NMR
136.7, 136.6, 135.9, 131.4, 131.3, 130.9, 130.7, 130.4, 130.3, 129.8, 129.5, 128.8, 128.4, 128.2,
128.1, 128.0, 127.7, 127.5, 127.3, 127.2, 126.4, 125.7, 125.6, 125.4, 124.3, 124.2, 124.1, 123.7,
123.6, 123.5, 110.9.

MS (ESI-positive ion mode): m/z : 599 [M+H]+.
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LC-MS profile of Pyr2-TT
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1H NMR spectrum of Pyr2-TT (top) with aromatic expanded region (bottom)
(400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of Pyr2-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, DMSO-d6)

183



7.4.3 3,7,11-Tri(pyren-1-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine
(Pyr3-TT)

Pyr3-TT was prepared by Suzuki coupling between Br3-TT and pyrene-1-boronic acid.
In a typical reaction, Br3-TT (0.400 g; 0.920 mmol), pyren-1-ylboronic acid (0.702 g,
2.854 mmol), K2CO3 (1.300 g, 9.406 mmol), Pd(PPh3)2Cl2 (0.064 g, 0.092 mmol), water
(2 mL) and DMF (10 mL) were transferred inside a 100 mL Schlenk flask equipped with
a magnetic stirrer. The system was heated under static nitrogen atmosphere at 130◦C for
12 h. The reaction was then cooled to room temperature, poured into water (200 mL) and
filtered on a Büchner. The solid crude reaction mixture was further purified by automated
flash chromatography on SiO2 with Hexane/Et2O/DCM as eluents to give the Pyr3-TT
product as a yellow solid (0.4350 mg; Yield 60%; Rf = 0.5 in Hexane/Et2O/DCM =
60/20/20)

NMR data (9.4 T, CD2Cl2, 300 K, δ, ppm): 1H NMR 8.34-8.06 (27H, m), 7.04
(3H, s); 13C NMR 136.9, 132.7, 131.9, 131.4, 130.3, 129.0, 128.8, 127.9, 126.9, 126.3,
126.1, 125.6, 125.1, 124.7, 123.7.

MS (ESI-positive ion mode): m/z : 799 [M+H]+.
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LC-MS profile of Pyr3-TT
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1H NMR spectrum of Pyr3-TT (top) and aromatic expanded region (bottom)
(400 MHz, 298 K, CD2Cl2)
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13C NMR spectrum of Pyr3-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, CD2Cl2)
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7.4.4 11-(pyren-1-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine-3,7-di-
carbaldehyde, Pyr-TT(CHO)2

Pyr-TT(CHO)2 was prepared by lithiation of Pyr-TT with n-butyllithium followed by
quenching with dimethylformamide. In a typical reaction, Pyr-TT (0.200 g, 0.503 mmol)
was dissolved in dry THF (45 mL) in a round-bottom flask under nitrogen atmosphere.
The system was cooled at -78 ◦C, then n-BuLi 2.5 M in hexane (0.450 mL, 1.1300 mmol)
was added. The formation of a carbanionic species was evident from the appearance of
an intense red color. After 1h, reaction was quenched with anhydrous DMF (1 mL, 12.93
mmol) at -78 ◦C leaving the system to warming up to r.t. overnight under static nitro-
gen. Then the reaction was poured into ammonium chloride saturated solution (2 mL)
and stirred for 30 min. The crude was evaporated to dryness, solubilized with H2O and
extracted with DCM (2x30 mL). The combined organic phases were dried over Na2SO4,
filtered and evaporated to dryness. Solid was further purified by automated flash chro-
matography on SiO2 with DCM/ACN as eluents to give the product as a yellow powder
(0.087 g; yield 38%; Rf 0.79 in DCM/ ACN = 8:2). Before performing spectroscopic mea-
surements, the product has been crystallized by slow evaporation from DCM solutions
affording a yellow solid.

MS (ESI-positive ion mode): m/z : 455 [M+H]+.

LC- MS profile of Pyr-TT(CHO)2
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1H-NMR spectrum of Pyr-TT(CHO)2 (top) with aromatic expansion region
(bottom). (400 MHz, 298 K, DMSO-d6)
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13C-NMR spectrum of Pyr-TT(CHO)2 (top) with aromatic expansion region
(bottom). (100 MHz, 298 K, DMSO-d6)
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7.5 Synthesis and characterization of Carbazole-TT deriva-
tives

7.5.1 3-(9H -carbazol-9-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine,
(TT-(N)-Cz)

TT-(N)-Cz was prepared by Ullmann-type reaction Cu(I) catalyzed between Br-TT and
carbazole (J. Org. Chem. 2017, 82, 1024–1033). In a typical synthesis, Br-TT (0.300 g;
1.083 mmol), carbazole (0.215 g, 1.287 mmol), lithium tert-butoxide (0.345 g, 4.313 mmol),
CuI (0.010 g, 0.053 mmol), few crystals of 1,2-dimethylimidazole and dry toluene (8 mL)
were transferred under nitrogen into a 50 mL Schlenk flask equipped with a magnetic
stirrer. The system was heated under static nitrogen atmosphere with an oil bath at 130
◦C for 15 h. The reaction was then cooled to room temperature and quenched by stirring
for 15 minutes with a solution of Na2SO3 (20 mL). The reaction mixture was diluted with
150 mL of AcOEt and filtered on a pad of Celite. The organic phase was separated, dried
over Na2SO4 and evaporated to dryness at the rotary evaporator. The solid crude reaction
mixture was purified by gravimetric chromatography on SiO2 with CH2Cl2/MeOH as
eluents (Rf = 0.3 in DCM/MeOH = 98/2) followed by further purification by automated
flash chromatography on reversed-phase C-18 SiO2 with CH3CN/H2O as eluents to give
the TT-(N)-Cz as a white solid (0.160 g; Yield 40%).

NMR data (9.4 T, CD2Cl2, 298 K, ppm): 1H NMR δ 8.17 (d, 2H, J = 7.4 Hz),
7.92 (d, 1H, J = 1.7 Hz), 7.69 (d, 1H, J = 1.6 Hz), 7.50 (s, 1H), 7.40 (t, 2H, J = 8.0 Hz),
7.34 (t, 2H, J = 7.4 Hz), 7.33 (d, 1H, J = 1.7 Hz), 7.18 (d, 2H, J = 8.0 Hz), 6.87 (d, 1H,
J = 1.6 Hz); 13C NMR δ 142.95 (C), 136.10 (C), 135.39 (C), 134.71 (C), 129.92 (CH),
129.90 (CH), 128.19 (CH), 126.97 (CH), 124.38 (C), 121.60 (CH), 121.14 (C), 121.02 (CH),
111.88 (CH), 111.48 (CH), 110.58 (CH).

MS (ESI-positive ion mode): m/z: 364 [M+H]+.
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LC- MS profile of TT-(N)-Cz
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1H NMR spectrum of TT-(N)-Cz (top) and aromatic expanded region (bot-
tom) (400 MHz, 298 K, CD2Cl2)
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13C APT NMR spectrum of TT-(N)-Cz (top) with aromatic expanded region
(bottom) (100 MHz, 298 K, CD2Cl2)
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7.5.2 3-(9-ethyl-9H -carbazol-3-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]tri-
azine, (TT-(C)-Cz)

TT-(C)-CZ was prepared by Suzuki coupling between Br-TT and 9-ethyl-9H-carbazole-
3-boronic acid pinacol ester. In a typical reaction, Br-TT (0.200 g; 0.722 mmol), 9-ethyl-
9H-carbazole-3-boronic acid pinacol ester (0.280 g, 0.872 mmol), potassium carbonate
(0.400 g, 2.894 mmol), Pd(PPh3)2Cl2 (0.050 g, 0.071 mmol), water (2 mL) and DMF (10
mL) were transferred into a 100 mL Schlenk flask equipped with a magnetic stirrer. After
three freeze-pump-thaw cycles the system was heated under static nitrogen atmosphere
at 90 ◦C for 12 h. The reaction was then cooled to room temperature and evaporated
to dryness. The crude reaction mixture was purified by gravimetric chromatography on
SiO2 with CH2Cl2/MeOH as eluents (Rf=0.25 in DCM/MeOH=98/2). The product was
further purified by filtration on a pad of Celite to give the TT-(C)-Cz as a white solid
(0.190 g; Yield 67%).

NMR data (9.4 T, DMSO-d6, 298 K, δ ppm): 1H NMR δ 8.44 (d, J = 1.6 Hz,
1H), 8.16 (d, J = 7.5 Hz, 1H), 8.00 (d, J = 1.6 Hz, 1H), 7.94 (d, J = 1.6 Hz, 1H), 7.79
(dd, J = 8.5, 1.7 Hz, 4H), 7.70-7.64 (m, 2H), 7.49 (t, J = 7.5, Hz, 1H), 7.31(d, J = 1.6 Hz,
1H), 7.30 (s, 1H), 7.22 (t, J = 7.5, Hz, 1H), 7.13 (d, J = 1.7 Hz, 4H), 4.51 (q, J = 7.1 Hz,
2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR δ 139.8 (C), 139.4 (C), 136.1 (C), 135.9 (C),
135.5 (C), 128.9 (C), 128.4 (CH), 128.1 (CH), 127.8 (CH), 126.5 (CH), 125.9 (CH), 122.2
(C), 121.9 (CH), 121.6 (C), 120.4 (CH), 118.9 (CH), 118.6 (C), 111.6, (CH), 111.1 (CH),
109.2 (CH), 108.3 (CH), 37.0 (CH2), 13.8 (CH3).

MS (ESI-positive ion mode): m/z : 392 [M+H]+.
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LC-MS profile of TT-(C)-Cz
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1H NMR spectrum of TT-(C)-Cz (top) with aromatic expansion region (bot-
tom) (400 MHz, 298 K, DMSO-d6)
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13C APT ANMR spectrum of TT-(C)-Cz (top) with aromatic expanded region
(bottom) (100 MHz, 298 K, DMSO-d6)
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7.5.3 3-(9-ethyl-9H -carbazol-3-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]tri-
azine, (TT-Ph-Cz)

TT-Ph-CZ was prepared by Suzuki coupling between Br-TT and 9H -carbazole-9-(4-
phenyl) boronic acid pinacol ester. In a typical reaction, Br-TT (0.200 g; 0.722 mmol),
9H -carbazole-9-(4-phenyl) boronic acid pinacol ester (0.295 g, 0.799 mmol), potassium
carbonate (1.000 g, 7.236 mmol), Pd(PPh3)2Cl2 (0.050 g, 0.071 mmol), water (2 mL) and
DMF (10 mL) were transferred into a 100 mL Schlenk flask equipped with a magnetic
stirrer. After three freeze-pump-thaw cycles the system was heated under static nitrogen
atmosphere at 130◦C for 12 h. The reaction was then cooled to room temperature. The
solid precipitate was filtered on a büchner and washed with CH2Cl2/MeOH. After reducing
its volume at the rotary evaporator, the organic phase was treated with water to afford the
desired product as a white solid. TT-Ph-Cz was collected by filtration on a büchner and
further purified by gravimetric chromatography on flash SiO2 with CH2Cl2/MeOH as elu-
ents (Rf=0.40 in DCM/MeOH=98/2). The product was crystallized from CH2Cl2/MeOH
solution to give the TT-Ph-Cz as a white crystalline solid (0.210 g; Yield 66%).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm): 1H NMR δ 8.28 (d, J = 7.8
Hz, 2H), 8.06 (d, J = 8.5 Hz, 2H), 8.02 (d, J = 1.6 Hz, 1H), 8.00 (d, J = 1.6 Hz, 1H),
7.75 (d, J = 8.5, 2H), 7.48 (m, 5H), 7.32 (m, 3H), 7.26 (d, J = 1.6 Hz, 1H). 13C NMR δ
140.0 (C), 136.7 (C), 136.7 (C), 136.0 (C), 135.5 (C), 131.2 (CH), 128.5 (CH), 127.9 (CH),
127.9 (CH), 127.3 (C), 127.3 (C), 126.3 (CH), 125.8 (CH), 122.8 (C), 120.5 (CH), 120.2
(CH), 111.7, (CH), 111.3 (CH), 109.7 (CH).

MS (ESI-positive ion mode): m/z : 440 [M+H]+.
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LC-MS profile of TT-Ph-Cz
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1H NMR spectrum of TT-Ph-Cz (top) with aromatic expanded region (bot-
tom) (400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of TT-(C)-Cz (top) with aromatic expanded region (bot-
tom) (100 MHz, 298 K, DMSO-d6).
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7.6 Synthesis and characterization of G-Quadruplex Pyri-
dinic TT-Based stabilizers

7.6.1 3-(Pyridin-4-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine (4Py-
TT)

4Py-TT was prepared by Suzuki coupling between Br-TT and pyridin-4-ylboronic acid.
In a typical reaction, Br-TT (0.300 g; 1.083 mmol), pyridin-3-ylboronic acid (0.186 g,
1.525 mmol), K2CO3 (0.748 g, 5.412 mmol), Pd(PPh3)2Cl2 (0.076 mg, 0.108 mmol), water
(3 mL) and DMF (8 mL) were transferred inside a 100 mL Schlenk flask equipped with a
magnetic stirrer. The system was heated under static nitrogen atmosphere at 130 ◦C for
12 h. The reaction was then cooled to room temperature, solvent evaporated under reduce
pressure and the crude purified using chromatography on SiO2 with DCM/MeOH 3.5%
as eluents to give the 4Py-TT product as a white solid. (0.119 g, 40% yield, Rf 0.27 in
DCM/MeOH 5%)

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 8.65 (m, 2H), 8.00
(d, J = 1.7 Hz, 1H), 7.99 (d, J = 1.7 Hz, 1H), 8.82 (m, 2H), 7.60 (s, 1H), 7.32 (d, J =
1.7 Hz, 1H), 7.24 (d, J = 1.7 Hz, 1H), 13C NMR δ 149.3 (CH), 137.8 (C), 135.98 (C),
135.78 (C), 135.68 (C), 129.7 (CH), 128.7 (CH), 128.0 (CH), 125.7 (C), 123.5 (CH), 111.9
(CH), 111.5(CH)

MS (ESI-positive ion mode): m/z : 276.21 [M+H]+
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LC-MS profile of 4Py-TT
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1H NMR spectrum of 4Py-TT (top) with aromatic expanded region (bottom)
(400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of 4Py-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, DMSO-d6)
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7.6.2 3,7-Di(pyridin-2-yl)triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine (2py)2-
TT

(2py)2-TT was prepared by Stille coupling between Br2-TT and 2-(tributylstannyl)pyridine.
In a typical reaction, Br2-TT (0.405 g; 1.137 mmol), 2-(tributylstannyl)pyridine (1.00 mL,
3.37 mmol), LiCl (0.426 g, 10.050 mmol), Pd(PPh3)2Cl2 (0.024 g, 0.034 mmol) and dry
Toluene (10 mL) were transferred inside a dried 100 mL Schlenk flask equipped with a
magnetic stirrer. Mixture was deareated using three freeze-pump-thraw cycles. The system
was heated under static nitrogen atmosphere at 130 ◦C for 72 h. The reaction was then
cooled to room temperature, diluted with 50 mL of NaOH 1 M solution and extracted
with DCM (3x30 mL). Organic phase was dried, solvent evaporated in vacuum and the
solid crude reaction mixture was further purified by automated flash chromatography on
SiO2 with DCM/MeOH as eluents to give the (2py)2-TT product as a white solid (0.267
g, 67% Yield).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 8.67 (m, 2H), 8.05
(m, 2H), 7.98 (d, J = 1.7 Hz, 1H), 7.91 (m, 2H), 7.55 (s, 1H), 7.42 (m, 3H), 7.22 (d, J
= 1.7 Hz, 1H), 13C NMR δ 148.8 (CH), 148.7 (CH), 147.3 (C), 147.2 (C), 135.6 (CH),
135.5(CH), 129.4(CH), 128.6 (CH), 128.0 (CH), 127.9 (C), 127.4 (C), 124.8 (CH), 124.7
(CH), 122.7 (CH), 122.6 (CH), 111.2 (CH)
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1H NMR spectrum of (2py)2-TT (top) with aromantic expanded region (bot-
tom) (400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of (2py)2-TT (top) with aromatic expanded region (bot-
tom) (100 MHz, 298 K, DMSO-d6)
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7.6.3 3,7-Di(pyridin-4-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine ((4py)2-
TT)

(4py)2-TT was prepared by Suzuki cross-coupling between Br2-TT and pyridin-4-ylboronic
acid. In a typical reaction, Br2-TT(0.250 g; 0.702 mmol), pyridin-4-ylboronic acid (0.181
g, 1.483 mmol), K2CO3 (0.971 g, 7.026 mmol), Pd(PPh3)2Cl2 (0.049 g, 0.070 mmol),
Dioxane (8 mL) and water (2 mL) were transferred inside a dried 100 mL Schlenk flask
equipped with a magnetic stirrer. The system was heated under static nitrogen atmosphere
at 130 ◦C for 24 h. The reaction mixture was then cooled to room temperature, filtered on
Büchner and solvent evaporated under vacuum. Crude was further purified by automated
flash chromatography on SiO2 with DCM/ACN/MeOH as eluents to give the (4py)2-TT
product as a white solid (0.190 g, 77% Yield, Rf 0.37 in DCM/ACN 50%/MeOH 10%).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 8.68 (m, 4H), 8.05
(d, J = 1.5 Hz, 1H), 7.79 (m, 4H), 7.62 (s, 1H), 7.42 (s, 1H), 7.28 (d, J = 1.5 Hz, 1H).
13C NMR δ 149.2 (2CH), 137.9, (C), 137.6(C), 135.6 (C), 135.5 (C), 130.0 (CH), 129.1
(CH), 128.3 (CH), 125.7 (C), 125.2 (C), 123.5 (CH), 123.4 (CH), 111.6 (CH)

MS (ESI-positive ion mode): m/z 353.27 [M+H]+
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LC-MS of (4Py)2-TT
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1H NMR spectrum of (4py)2-TT (top) with aromatic expanded region (bot-
tom) (400 MHz, 298 K, DMSO-d6).
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13C NMR spectrum of (4py)2-TT (top) with aromatic expanded region (bot-
tom) (100 MHz, 298 K, DMSO-d6).
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7.6.4 3,7,11-tri(pyridin-2-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazi-
ne (2py)3-TT

(2py)3-TT was prepared by Stille coupling between Br3-TT and 2-(tributylstannyl)pyridine.
In a typical reaction, Br3-TT (0.200 g; 0.460 mmol), 2-(tributylstannyl)pyridine (0.67
mL, 2.07 mmol), LiCl (0.292 g, 6.889 mmol), Pd(PPh3)2Cl2 (0.032 g, 0.046 mmol) and
dry Dioxane (10 mL) were transferred inside a dried 100 mL Schlenk flask equipped with a
magnetic stirrer. Mixture was deareated using three freeze-pump-thraw cycles. The system
was heated under static nitrogen atmosphere at 130 ◦C for 72 h. The reaction was then
cooled to room temperature, diluted with 60 mL of a solution 1:1 of DCM and NaOH
1 M solution and DCM and extracting with DCM (3x30 mL). Organic phase was dried,
solvent evaporated in vacuum and the solid crude reaction mixture was purified by chro-
matography on SiO2 with DCM/MeOH 3.5% as eluents. Further precipitations give the
(2py)3-TT product as a white solid (0.041 g, 21% Yield, Rf 0.17 in DCM/MeOH 5%).

NMR data (9.4 T, CH2Cl2-d2, 298 K, δ, ppm) 1H NMR δ 8.70 (d, J = 4.8 Hz,
3H), 7.93 (d, J = 7.9 Hz, 3H), 7.84 (td, J = 7.8, 1.7 Hz, 3H), 7.38 (m, 6H). 13C NMR
δ 149.9 (CH), 148.2 (C), 137.2 (C), 136.4 (CH), 130.3 (CH), 129.0 (C), 125.7 (CH), 123.7
(CH)

MS (ESI-positive ion mode): m/z 353.27 [M+H]+
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LC-MS of (2py)3-TT
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1H NMR spectrum of (2py)3-TT (top) with aromatic expanded region (bot-
tom) (400 MHz, 298 K, CD2Cl2
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13C NMR spectrum of (2py)3-TT (top) with aromatic expanded region (bot-
tom) (100 MHz, 298 K, CD2Cl2)
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7.6.5 3,7,11-Tri(pyridin-4-yl)triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazi-
ne (4py)3-TT

(4py)3-TT was prepared by Suzuki coupling between Br3-TT and pyridin-4-ylboronic
acid. In a typical reaction, Br3-TT (0.250 g; 0.575 mmol), pyridin-4-ylboronic acid (0.219
g, 1.780 mmol), K2CO3 (0.795 g, 5.752 mmol), Pd(PPh3)2Cl2 (0.040 g, 0.057 mmol),
Dioxane (8 mL) and water (2 mL) were transferred inside a dried 100 mL Schlenk flask
equipped with a magnetic stirrer. The system was heated under static nitrogen atmosphere
at 130 ◦C for 24 h. The reaction mixture was then cooled to room temperature, filtered on
Büchner and solvent evaporated under vacuum. Crude was further purified by automated
flash chromatography on SiO2 with DCM/ACN/MeOH as eluents to give the (4py)3-TT
product as a white solid (0.191 g, 44% Yield, Rf 0.19 in DCM/ACN 50%/MeOH 10%).

NMR data (9.4 T, CH2Cl2-d2, 298 K, δ, ppm) 1H NMR δ 8.71 (d, 6H), 7.67
(d, 6H), 7.30 (s, 3H). 13C NMR δ 150.11, 137.43, 135.93, 130.15, 127.11, 124.51

MS (ESI-positive ion mode): m/z 191.17 [M+H]+
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LC-MS of (4py)3-TT
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1H NMR spectrum of (4py)3-TT (top) with aromantic expanded region (bot-
tom) (400 MHz, 298 K, CD2Cl2)
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13C NMR spectrum of (4py)3-TT (top) with aromantic expanded region (bot-
tom) (100 MHz, 298 K, CD2Cl2)
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7.6.6 1-Methyl-2-(triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3-yl)pyri-
din-1-ium iodide (2PyMeITT)

2PyMeITT was prepared by methylation of 2Py-TT. In a typical reaction, 2Py-TT (0.100
g; 0.363 mmol), MeI (0.024 mL, 0.40 mmol) and DCM (20 mL) were transferred inside
a 100 mL one-neck flask equipped with a magnetic stirrer. The system was stirred at
room temperature for 24 h. The reaction mixture was then filtered on Büchner to give the
TT(2pyMeI) product as a yellow solid (0.127 g, 85% Yield).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 9.30 (d, J = 6.2,
1H), 8.76 (td, J = 7.9, 1.5 Hz, 1H), 8.40 – 8.23 (m, 2H), 8.15 (d, J = 1.8 Hz, 1H), 8.06
(d, J = 1.7 Hz, 1H), 7.77 (s, 1H), 7.41 (d, J = 1.7 Hz, 1H), 7.15 (d, J = 1.7 Hz, 1H).,
13C NMR δ 147.46, 145.61, 143.18, 138.02, 135.77, 135.19, 132.50, 132.20, 132.15, 128.96,
128.66, 128.46, 115.68, 112.13, 112.08, 111.87, 46.84

MS (ESI-positive ion mode): m/z 290.00 [M+H]+

HRMS (ESI-positive ion mode): calcd for C15H12N7 290.1154 [M]+, found 290.1152
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LC-MS of 2PyMeI-TT
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1H NMR spectrum of 2PyMeI-TT (top) with aromatic expanded region (bot-
tom) (400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of 2PyMeI-TT (top) with aromatic expanded region (bot-
tom) (100 MHz, 298 K, DMSO-d6)
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7.6.7 1-Methyl-4-(triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3-yl)pyri-
din-1-ium iodide (4pyMeI-TT)

4pyMeI-TT was prepared by methylation of 4py-TT. In a typical reaction, 4py-TT (0.100
g; 0.363 mmol), MeI (0.024 mL, 0.40 mmol) and DCM (20 mL) were transferred inside
a 100 mL one-neck flask equipped with a magnetic stirrer. The system was stirred at
room temperature for 24 h. The reaction mixture was then filtered on Büchner to give the
4PyMeI-TT product as a yellow solid (136 mg, 90% Yield).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 9.03 – 8.97 (d, 2H),
8.68 – 8.61 (m, 2H), 8.18 (s, 1H), 8.10 (dd, J = 7.3, 1.7 Hz, 2H), 7.39 (d, J = 1.7 Hz,
1H), 7.33 (d, J = 1.7 Hz, 1H) 13C NMR δ 144.64, 142.62, 140.01, 135.78, 135.71, 135.52,
129.15, 127.81, 124.59, 123.42, 112.13, 111.93

MS (ESI-positive ion mode): m/z 290.00 [M+H]+

HRMS (ESI-positive ion mode): calcd for C15H12N7 290.1154 [M]+, found 290.1153

LC-MS of 4pyMeI-TT
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1H NMR spectrum of 4pyMeI-TT (top) with aromatic expanded region (bot-
tom) (400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum 4pyMeI-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, DMSO-d6)
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7.6.8 2,2’-(Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3,7-diyl)bis(1-py-
ridin-1-ium) iodide (2pyMeI)2-TT)

(2pyMeI)2-TT was prepared by methylation of (2py)2-TT. In a typical reaction, (2py)2-
TT (0.055 mg; 0.156 mmol) and MeI (4 mL) were transferred inside a 20 mL closed vial
equipped with a magnetic stirrer. The system was stirred at room temperature for 240 h.
The reaction mixture was then filtered on Büchner to give the (2pyMeI)2-TT product
as a yellow solid (83 mg, 84% Yield).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 9.37 (d, J = 6.2 Hz,
1H), 9.32 (d, J = 6.2 Hz, 1H), 8.79 (dt, J = 16.0, 7.8 Hz, 2H), 8.38 (dt, J = 17.6, 7.6 Hz,
3H), 8.31 – 8.21 (m, 2H), 7.90 (s, 1H), 7.61 (s, 1H), 7.29 (d, J = 1.7 Hz, 1H), 4.24 (s, 3H),
4.14 (s, 3H). 13C NMR δ 147.69, 145.86, 142.65, 142.57, 138.01, 137.35, 135.20, 132.87,
132.60, 132.44, 132.27, 129.23, 129.06, 128.99, 116.00, 115.73, 112.39, 47.01, 46.90

MS (ESI-positive ion mode): m/z 191 [M]++

HRMS (ESI-positive ion mode): calcd for C21H18N8 191.0827 [M]++, found 191.0825

LC-MS of (2pyMeI)2-TT
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1H NMR spectrum of (2pyMeI)2-TT (top) with aromatic expanded region
(bottom) (400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of (2pyMeI)2-TT (top) with aromatic expanded region
(bottom) (100 MHz, 298 K, DMSO-d6)
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7.6.9 4,4’-(Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3,7-diyl)bis(1-py-
ridin-1-ium) iodide ((4pyMeI)2-TT)

(4pyMeI)2-TT was prepared by methylation of (2py)2-TT. In a typical reaction, (2py)2-
TT (0.068 g; 0.193 mmol) and MeI (2 mL) were transferred inside a 20 mL closed vial
equipped with a magnetic stirrer. The system was stirred at room temperature for 60 h.
The reaction mixture was then filtered on Büchner to give the TT(2pyMeI)2 product as
a yellow solid (0.105 g, 86% Yield).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 9.04 (d, J = 6.6
Hz, 2H), 8.60 (d, J = 6.9 Hz, 1H), 8.56 – 8.50 (m, 1H), 8.26 (d, J = 1.7 Hz, 0H), 8.23
(s, 1H), 8.12 (s, 1H), 7.42 (d, J = 1.8 Hz, 0H), 4.36 (d, J = 2.5 Hz, 3H).13C NMR
δ 144.83, 144.80, 142.35, 142.22, 140.03, 139.82, 136.11, 135.80, 134.44, 128.77, 125.17,
124.98, 123.63, 123.36, 112.48, 47.36, 47.33

MS (ESI-positive ion mode): m/z 191 [M+H]+

HRMS (ESI-positive ion mode): calcd for C21H18N8 191.0827 [M]++, found 191.0824
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LC-MS of (4pyMeI)2-TT
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1H NMR spectrum of (4pyMeI)2-TT (top) with aromatic expanded region
(bottom) (400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of (4pyMeI)2-TT (top) with aromatic expanded region
(bottom) (100 MHz, 298 K, DMSO-d6)

235



7.6.10 2,2’,2”-Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3,7,11-triyl)tris(py-
ridin-1-ium) iodide ((2pyMeI)3-TT)

(2pyMeI)3-TT was prepared by methylation of (2py)3-TT. In a typical reaction,
(2py)3-TT (45 mg; 0.105 mmol) and MeI (15 mL) were transferred inside a 20 mL closed
vial equipped with a magnetic stirrer. The system was stirred at room temperature for 720
h. The reaction mixture was then filtered on Büchner to give the (2pyMeI)3-TT product
as a yellow solid (71 mg, 80% Yield).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 9.38 (d, J = 6.2 Hz,
2H), 8.82 (t, J = 7.9 Hz, 2H), 8.42 (t, J = 7.2 Hz, 2H), 8.31 (d, J = 7.9 Hz, 2H), 7.74 (s,
2H), 4.23 (s, 9H). 13C NMR δ Da fare listato

MS (ESI-positive ion mode): m/z 158 [M]+++

HRMS (ESI-positive ion mode): calcd for C27H24N9 158 [M]+++, found 158.0718
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LC-MS of (2pyMeI)3-TT
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1H NMR spectrum of (2pyMeI)3-TT (top) with aromatic expansed region
(bottom) (400 MHz, 298 K, DMSO-d6).
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7.6.11 4, 4’, 4”-(triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3,7,11-triyl)tris(py-
ridin-1-ium) iodide (4pyMeI)3-TT

(4pyMeI)3-TT was prepared by methylation of (4py)3-TT. In a typical reaction,
(4py)3-TT (0.203 g; 0.473 mmol) and MeI (2 mL) were transferred inside a 20 mL closed
vial equipped with a magnetic stirrer. The system was stirred at room temperature for 60
h. The reaction mixture was then filtered on Büchner to give the (4pyMeI)3-TT product
as a yellow solid (0.209 g, 52% Yield).

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 9.16 – 8.98 (m, 6H),
8.60 – 8.49 (m, 6H), 8.18 (s, 3H), 4.39 (s, 9H). 13C NMR δ 144.9, 142.0, 139.9, 135.1,
125.5, 123.7, 47.5, 40.1

MS (ESI-positive ion mode): m/z 158 [M+H]+

HRMS (ESI-positive ion mode): calcd for C27H24N9 158 [M]+++, found 158.0718
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LC-MS of (4pyMeI)3TT
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1H NMR spectrum of (4pyMeI)3-TT (top) with aromatic expanded region
(bottom) (400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of (4pyMeI)3-TT (top) with aromatic expanded region
(bottom) (100 MHz, 298 K, DMSO-d6)
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7.7 Synthesis and characterization of G-Quadruplex Guani-
dine hydrazone T-Based ligands

7.7.1 General synthesis for aldehydic TT-based compounds

A n-BuLi 2.5 M hexane solution (case a: 1.5 eq. of n-BuLi, case b: 4.5 eq. of n-BuLi) was
added dropwise under stirring to a solution of TT (0.500 mg, 2.523 mmol) in dry THF
(30 mL) at -78 ◦C. The solution was stirred for 2 hour at -78◦C and then treated with
dry DMF (case a: 0.240 g, 3.75 mmol; case b: 0.720 g, 11.2 mmol) and stirred overnight
under static nitrogen up to room temperature (the colour of the solution changes to pale
yellow). The solution was quenched with a saturated aqueous solution of NH4Cl (5 mL).
The THF was removed under reduced pressure, the crude material was taken up with
water and extracted with AcOEt (3x60 mL). The organic phases were dried over Na2SO4,
the solvent was removed under reduced pressure, and the crude material was purified by
column chromatography using n-Hex/AcOEt (3:7) as eluent, affording: case a: 100 mg
(17% Yield) of CHO-TT and 0.080 g (13% Yield) of (CHO)2-TT;case b: 0.050 g (8%
Yield) of CHO-TT; 0.045 g (7% Yield) of (CHO)2-TT and 0.095 mg (14% Yield) of
(CHO)3-TT.
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7.7.2 Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine-3-carbaldehyde (TT-
CHO)

NMR data (7.05 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 10.76 (s, 1H), 8.12 (s,
1H), 8.11 (d, J=1.7 Hz, 1H), 8.09 (d, J=1.7 Hz, 1H),, 7.43 (d, J=1.7 Hz, 1H), 7.38 (d,
J=1.7 Hz, 1H) 13C NMR δ 180.2, 138.7, 135.9, 135.7, 135.0, 129.1, 128.9, 128.2, 112.2,
111.9.

HRMS (ESI-positive ion mode): calcd for C10H7N6O 227.0681 [M+H]+, found 227.0678

LC-MS of CHO-TT
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1H NMR spectrum of CHO-TT (top) with aromatic expanded region (bottom)
(400 MHz, 298 K, DMSO-d6)

245



13C APT NMR spectrum of CHO-TT (top) with aromatic expanded region
(bottom) (100 MHz, 298 K, DMSO-d6)
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COSY spectrum of CHO-TT (top) with aromatic expanded region (bottom)
(298 K, DMSO-d6)
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HMBC spectrum of CHO-TT (top) with aromatic expanded region (bottom)
(298 K, DMSO-d6)
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7.7.3 Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine-3,7-dicarbaldehyde (CHO)2-
TT

NMR data (9.4 T, DMF-d7, 298 K, δ, ppm) 1H NMR δ 10.92, (s, 1H), 10.85 (s,
1H), 8.28 (d, J= 1.7 Hz, 1H), 8.27, (s, 1H), 8.24 (s, 1H), 7.59 (d, J = 1.7 Hz, 1H). 13C
NMR δ 181.3, 181.1, 140.1, 1939.9, 137.4, 136.7, 135.9, 131.1, 130.2, 129.6, 113.5.

HRMS (ESI-positive ion mode): calcd for C11H7N6O2 255.0630 [M+H]+, found 255.0631.

LC-MS of (CHO)2-TT
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1H NMR spectrum of (CHO)2-TT (top) with aromatic expanded region (bot-
tom) (400 MHz, 298 K, DMF-d7).
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13C NMR spectrum of (CHO)2-TT (top) with aromatic expanded region (bot-
tom) (100 MHz, 298 K, DMF-d7)
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7.7.4 Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazine-3,7,11-tricarbaldehy-
de (CHO)3-TT

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 10.77 (s, 3H), 8.37 (s,
3H). 13C NMR δ 179.9, 138.6, 136.0, 128.1.

HRMS (ESI-positive ion mode): calcd for C12H7N6O3 283.0580 [M+H]+, found 283.0582

1H NMR spectrum of (CHO)3-TT (400 MHz, 298 K, DMSO-d6,).
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13C NMR spectrum of (CHO)3-TT (100 MHz, 298 K, DMSO-d6).
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7.7.5 General synthesis procedure for guanidyl hydrazone TT-deroivatives

The appropriate aldehyde (0.5 mmol) was dissolved in ethanol and reacted with one equiv-
alent of aminoguanidine hydrochloride suspended in ethanol and treated with hydrochlo-
ridric acid in order to achieve a solution. The reaction mixture was refluxed for 3-5 h
according to a TLC test. The reaction mixture was then cooled to room temperature,
filtered on Büchner and solvent evaporated under vacuum. Crude was further purified by
automated flash chromatography on C-18 column with a gradient of H2O/ACN to give:
Gn-TT (71% Yield), Gn2-TT (80% Yield) or Gn3-TT (76% Yield) based on the starting
aldehyde
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7.7.6 2-(Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3-ylmethylene)hy-
drazinecarboximidamide (Gn-TT)

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 12.16 (broad s, 1H),
9.16 (s, 1H), 8.05 (d, J = 1.7 Hz, 1H), 8.01 (d, J = 1.7 Hz, 1H), 7.95 (s, 1H), 7.75 (broad
s), 7.37 (d, J = 1.7 Hz, 1H), 7.33 (d, J = 1.7 Hz, 1H) 13C NMR δ 155.1, 136.8, 136.0,
135.8, 135.5, 128.7, 128.3, 128.28, 123.2, 111.8, 111.6.

HRMS (ESI-positive ion mode): calcd for C11H11N10 283.1168 [M+H]+, found 283.1167.

LC-MS of Gn-TT
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1H NMR spectrum of Gn-TT with aromatic expanded region (bottom) (400
MHz, 298 K, DMSO-d6)
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13C NMR spectrum of Gn-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, DMSO-d6).
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7.7.7 2,2’-(Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3,7-diylbis(methan-
ylylidene))bis(hydrazinecarboximidamide) (Gn2-TT)

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 12.31 (broad s, 2H),
9.18 (s, 1H), 9.15 (s, 1H), 8.11 (d, J = 1.7 Hz, 1H), 8.03 (s, 1H), 8.01 (s, 1H), 7.82 (broad
s), 7.42 (d, J = 1.7 Hz, 1H) 13C NMR δ 155.1, 137.0, 136.7, 135.8, 135.7, 135.6, 128.9,
128.7, 128.2, 123.4, 123.0, 111.8.

HRMS (ESI-positive ion mode): calcd for C13H15N14 367.1604 [M+H]+, found 367.1601.

LC-MS of Gn2-TT
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1H NMR spectrum of Gn2-TT with aromatic expanded region (bottom) (400
MHz, 298 K, DMSO-d6)
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13C NMR spectrum of Gn2-TT with aromatic expanded region (bottom) (100
MHz, 298 K, DMSO-d6)
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7.7.8 2,2’,2”-(Triimidazo[1,2-a :1’,2’-c:1”,2”-e][1,3,5]triazin-3,7,1-triyltris-
(methanylylidene))tris(hydrazinecarboximidamide) (Gn3-TT)

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm) 1H NMR δ 12.31 (broad s, 3H),
9.17 (s, 3H), 8.08 (s, 3H), 7.84 (broad s). 13C NMR δ 155.1, 136.7, 135.4, 128.5, 123.2.

HRMS (ESI-positive ion mode): calcd for C15H19N18 451.2040 [M+H]+, found 451.2037.

1H NMR spectrum of Gn3-TT (400 MHz, 298 K, DMSO-d6)
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13C NMR spectrum of Gn3-TT (top) with aromatic expanded region (bottom)
(100 MHz, 298 K, DMSO-d6)
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7.8 Synthesis and characterization of Organic-Inorganic TT-
Based Polymer

7.8.1 Synthesis of 1D [Ag(TT)I]n (1-Ag)

AgI (0.055 mg, 0.234 mmol) is added to a solution of N,N-dimethylformamide (DMF, 5
mL) and KI (0.020 mg, 0.4 wt%) at 25 ◦C in the dark. After 15 minutes the resulting
transparent solution is transferred into a vial. TT (47 mg, 0.238 mmol) dissolved in ace-
tonitrile (CH3CN, 3 mL) is added to this solution. The vial is kept closed at 25 ◦C in
the dark producing after few days a white powder which is filtered and dried over filter
paper. Alternatively, TT (0.011 mg, 0.056 mmol) dissolved in CH3CN (2 mL) is added
to a vial containing 4 mL of a saturated aqueous solution of AgI in KI. The vial is kept
closed at 25 ◦C in the dark producing after few days needle-shaped crystals suitable for
X-ray diffraction analysis.

Anal. Calcd. for C9H6AgIN6 (%): C, 25.03; H, 1.17; N, 19.46. Found: C, 25.39; H, 1.29;
N, 19.63.

7.8.2 Synthesis of 3D [Ag(TT)4Cl]n (2-Ag)

In a Teflon beaker, solid AgCl (0.014 mg, 0.098 mmol) and TT (0.021 g, 0.106 mmol)
are suspended in a CH3CN/DMF (3 mL/1 mL) solution. The reaction is heated under
solvothermal conditions according to the ramp described in the General Information sec-
tion. An unknown yellow solid is filtered from the reaction mixture. The resulting yellow
solution is left for crystallization at 25 ◦C. Colorless crystals of 2-Ag start to appear after
few weeks.

7.8.3 Synthesis of 1D [Ag3(TT)4]n(NO3)3n·6nH2O (2-Ag)

A solution of AgNO3 (17 mg, 0.100 mmol) in ethanol (EtOH, 20 mL) is added to a beaker
containing TT (0.020 g, 0.101 mmol) dissolved in dichloromethane (CH2Cl2, 20 mL). The
resulting mixture is stirred 16 h at 25 ◦C in the dark to give a white precipitate which is
filtered and characterized as [Ag3(TT)4]n(NO3)3n·6nH2O (3-Ag) by X-ray powder diffrac-
tion (XRPD) and elemental analysis. Slow evaporation of the clear solution left at 25 ◦C
in the dark afforded after few weeks colorless crystals of 3-Ag suitable for single crystal
X-ray diffraction analysis.

The same crystalline product can be obtained in a vial by slow diffusion of AgNO3

(0.0093 g, 0.055 mmol) dissolved in ethanol (EtOH, 10 mL) into a dichloromethane solution
(CH2Cl2, 10 mL) of TT (0.010 g, 0.051 mmol). The vial is kept closed at 25 ◦C in the
dark.

Elem. Anal. Calcd. for C37H39Ag3N27O15 (%): C, 31.18; H, 2.76; N, 26.53. Found:
C, 30.71; H, 2.87; N, 25.86
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