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Abstract

Polymers are well known and widely used materials that are made of repetitive
small molecules called monomer. Their characteristics and properties are
particular, depending on the kind of monomers that are bonded and also the way
they are linked to each other. Polymer’s presence is very wide in contemporary
life, because there is a great variety of them, and one the main classifications of
polymers is based on natural and synthetic polymers [1]. On the other side,
luminescence is the emission of light waves that produce some bodies when they
are at moderate temperatures, then that it is not consequence of heat exposition,
that is the reason that kind of light emission is called cold light[2].

The present work is an extensive review of all the phenomena that are associated
with the luminescence that some polymers present such as: The review start with
de phenomena of luminescence by itself, then the classification of luminescent
polymers with several kinds of polymers it is going to be presented. Also it is
going to be review the importance of luminescent polymers and their broad range
of applications. This includes which kind of polymers have been used in different
fields, from the well know organic-emitting light diodes (OLEDS) used in screens
for the develop of electronic devices, to applications in energy industries by solar
cells, and also in the field of medicine by bioimaging applications[3]. And finally,
it will be revised the aggregation induced luminescence or aggregation-induced
emission (AIE) and why these phenomena occur in some materials.

The objective of this review is to develop a wide and general overview that of the
types of luminescent polymers applications, the reasons of the occurring
phenomena and also why they can become important in different fields and
applications.

Keywords: Polymers, luminescence, applications



Resumen

Los polimeros son materiales bien conocidos y ampliamente utilizados que estan
hechos de repetitivas de pequefias moléculas denominadas monomeros. Sus
caracteristicas y propiedades son particulares, dependiendo del tipo de
monomeros que estan unidos y también de la forma en que se unen entre si. La
presencia de los polimeros es muy amplia en la vida contemporénea, porque
existe una gran variedad de ellos, y una de las principal clasificaciones de
polimeros de polimeros se basa en polimeros de origen natural y polimeros
sintéticos [1]. Por otro lado, el fendmeno de luminiscencia, consiste es la emision
de ondas de luz que producen unos cuerpos que se encuentran a temperaturas
moderadas, lo cual significa que no es consecuencia del calor y esta es la razén
por la que ese tipo de emision de luz se llama luz fria [2].

En este trabajo se hace una revision extensa y detallada de los fenémenos que se
asocian a la luminiscencia que presentan algunos polimeros tales como: La
luminiscencia inducida por agregacion o emision inducida por agregacion (AlE)
y por qué estos fendmenos ocurren en algunos materiales. También se mencionan
y revisas la importancia de los polimeros luminiscentes en un amplio abanico de
aplicaciones, en las que este tipo de polimeros se han utilizado en diferentes
campos, desde los conocidos diodos LED emisores organicos (OLED) utilizados
en pantallas para el desarrollo de dispositivos electronicos, hasta aplicaciones en
industrias energéticas mediante células solares, y también en el campo de la
medicina mediante aplicaciones de bioimagen [3].

El objetivo de este articulo de revision es desarrollar una vision amplia y general
de los tipos de aplicaciones de polimeros luminiscentes, las razones de los
fendmenos que ocurren y también por quée pueden llegar a ser importantes en
diferentes campos y aplicaciones.

Palabras clave: Polimeros, luminiscencia, aplicaciones
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1 Introduction

1.1 Brief history of Polymers

The term “polymer” was popularized by the Swedish scientist J. Berzelius, it
appeared in the 1920s. Polymer science is nearly a novel field of study and
investigation which has a lot to do with different kinds of materials that could be
natural or synthetic. All these goods seem to be very familiar in everyday life[4].

There are different purposes that the different kinds of polymers that can be used.
For instance, on type of polymers called plastics whose main characteristic is to
be produced in very high volume and low price, such as polyethylene (PE),
polypropylene (PP), polyvinyl chloride (PVVC), and in the other hand, there could
be more specific engineered plastics that can have a higher cost and low volume
of production. Also, there are different kinds of polymers transformed into fibers
that can be natural or synthetic and their main characteristic is to having high
strength and high aspect ratio based on the use that they could have[4]. Another
kinds of polymers that exist are the elastomers, which can have the characteristic
of being elastic, this with the capability to be extended when a force is applied
and return fast to its normal form once this force is retired. All these different
kinds of polymers can be used for specific tasks and applications.

By their use, the different kind of polymers that can be used daily, are classified
as plastics, fibers and elastomers or rubbers. First plastics developed were based
on nitrocellulose and was obtained by Parkes in 1862, then the material camphor
was combined with nitrocellulose and that gave rise to the first approximation to
a thermoplastic, which is a substance that can soften or melt when it is heated
and then harden again when temperature drops. One example of the use of this
polymer was for cinema films. Then fibers, which their main aspect is that they
have a filament shape. There are fibers based on different materials which could
be made of mineral, metallic or organic materials, but also the nonmetallic fibers
that can be organic or inorganic[4]. And lastly, there are the elastomers or rubbers,
which are a kind of polymers that can possess the properties of viscosity and also
elasticity, so it has a rubber-like nature[5].
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Figure 1. Monomer and polymer general structures

In figure 1, it is graphically explained that a polymer is constructed by a
conjunction of several monomers. In between all the types of polymers that could
be found in nature or also be manmade, there exist luminescent polymers that can
present different singular applications and novelties. Firstly, in order to
understand about the characteristics and applications presented by luminescent
polymers, an introduction to the phenomenon of luminescence is presented
below.

1.2 Objectives
1.2.1 General
- Present a literature review on luminescent polymers by using various
search sources for scientific papers, including scientific journals and
repositories, and search engines like Scholar Google, and Scopus, to
compile a comprehensive review of luminescence in polymers.

1.2.2 Specific
- Contrast different research studies about luminescent polymers.



2 Theoretical background
2.1 Luminescence

Luminescence may be thought of as the process by which excited state electrons
shift between energy levels, as shown in figure 2 by the Jablonski diagram.
Numerous significant transitions are identified, including absorption, internal
conversion, and intersystem crossover.

Additionally, two broad relaxation paths are illustrated: radiative decay through
luminescence (fluorescence occurs when the electron moves from S, to So, while
phosphorescence happens when the electron moves from T, to So). The other
relaxation path is non-radiative decay without luminescence.[6] The intrinsic
process of the two primary types of photoluminescence, fluorescence, and
phosphorescence, may be succinctly illustrated using a Jablonski diagram, using
arrows indicating probable electron transitions. Fluorescence is the emission of a
single excited state that occurs due to light absorption. Phosphorescence is the
emission of a triplet state from the singlet excited state Si, to the triplet excited
state Ti. after an intersystem crossover.[7]

+
Excited single state
S,
| conversion and

S,
P Excited triplet state I
' x - ? n
Sy NNN~~ & T,
Intersystem F o

E crossing
Fluorescence Phosphorescence
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Figure 2. Simplified Jablonski diagram of the energy levels. Taken from reference. [7]



Luminescence is a process in which a substance absorbs energy from an external
source and re-emits it as visible light. Luminescence sometimes referred to as
"cold light" is the spontaneous emission of light by an unheated material. As a
consequence, it is a sort of cold-body radiation that may be generated as a result
of a variety of interactions, including chemical processes, electrical energy, and
even crystal stress. One characteristic of Luminescence that is going to be
mentioned ahead is that the difference from incandescence by the fact that
incandescence occurs when a material is heated.[2]. In figure 3, it is explained
about the different types and categories of luminescence that exist, some types of
luminescence as mentioned before, can present different properties for instance,
at presenting heat in the process of emission, as well as mechanical forces, light
excitation or even motion.[8]

2.1.1 Types - Categories of luminescence.

[ Light emission ]

If not

[ Incandescence ] [ Luminescence ]

If yes

From
mechanical
forces?

If not

With excitation
by light?

If yes

[ Triboluminesce ]

If yes If not
If yes ‘If not If yeT If not
[ Fluorescence ] Phosphorescence Chemiluminescence ] [ Bioluminescence ]

Figure 3. A summary of the several categories of light emission. Taken from reference [8].



2.1.1.1 Photoluminescence

In order for a material present photoluminescence (PL), it is needed that the
material first takes in photons which is represented as electromagnetic radiation,
and after that light is going to be emitted from the material. The main
characteristic of this type of luminescence is that the incoming photons are going
to energize the electrons of the material to a superior level in the atom.

There are sub-types of photoluminescence which are fluorescence and
phosphorescence. First fluorescence happens when an electron absorbs energy
from light, this means that it absorbs a photon of light, then after this absorption,
an excited electron jumps up an energy level and then after that, the electron falls
back down to the original level, resulting in the emanation of a photon of light[9].
It is important to notice that light in fluorescence is not permanent, so when there
iIs no applied light there will not be emitted light. For example, there are
fluorescent minerals such as calcite.[10] Phosphorescence is the phenomenon that
some materials present, the characteristic of materials that present
phosphorescence is that they can absorb energy and store it, and after that energy
can be emitted as radiation[3]. This process is related to fluorescence, but the
difference here is that the material here, can store light energy and the electrons
emit photons for a longer period of time. A very well-known example here is
phosphorescent paint or glow-in-the-dark paint.[11]

There is a difference between fluorescence and phosphorescence and it is that in
fluorescence, the excited electrons instantly emit photons of light, and after that,
it returns to their initial energy level, and as mentioned before, if there is no
applied a source of light, there will not be more light emitted. On the other hand,
the phosphorescence excited electrons do not instantly emit photons, but that
process happens in a period of several seconds or even hours (Figure 4).[12]

S1 Intersystem

T1

crossing

A

Absorption
fluorescence
non-radiative decay

phosphorescence
non-radiative decay

<
<

Figure 4. Diagram showing the difference between fluorescence and phosphorescence. Taken
from reference .[12]



2.1.1.2 Thermoluminescence

It is another form of luminescence that happens when a substance absorbs and
stores energy when exposed to ionizing radiation in preparation for a future
discharge in the visible light mode when the material is heated. This kind of
luminescence occurs in semiconductors and insulators. Three components must
exist in order for thermoluminescence to occur. As previously stated, the studied
material must be an insulator or a semiconductor; moreover, the substance must
be located near an incising radiation source in order to collect energy. Finally, it
must be heated in order to exhibit the luminescence.[13]

Thermoluminescence can occur in some crystalline materials, for instance, such
as calcium fluoride, lithium fluoride, calcium sulfate, lithium borate, calcium
borate, potassium bromide, fluorite, and finally feldspar.[14]

2.1.1.3 Electroluminescence

When a potential difference is applied over a phosphor material,
electroluminescence (EL) occurs. In addition to this concept is that
electroluminescence happens when there is an introduction of electrons into the
phosphor material therefore this creates free charge carriers and this is called
induced luminescence[15]. Electroluminescent materials emit light when an
electric current or strong electric field is applied to them. Electroluminescence is
a common phenomenon used in different uses, for instance, in rigid electronic
applications and flexible fiber structures. The basic structure of an
electroluminescent material is made of several layers. Therefore,
electroluminescence structures typically consist of four layers, as shown in figure
5 below. As it is displayed, there are two organic or two inorganic
electroluminescent materials, one of which emits electrons and the other of which
emits holes. There are two electrodes, and at least one of the electrodes must be
transparent, it can be made of, for instance: indium tin oxide (ITO) mounted on
glass or plastic is widely used as a top electrode for electroluminescent panels
due to its excellent conduction of the electrons and high clearness. The other
electrode that is concealed is often made of reflective metallic material. The
whole structure is then attached to a support layer customized for the intended
use. Supports can be rigid or flexible, but a textile material is beneficial. When
the structure receives electrical energy from a power source, the cathode emits
electrons, and the anode emits electron holes. The radiative recombination of an
electron and an electron-hole release their energy through an exciton emission,
resulting in light emission.



The monochromatic light emission leads this exciton to revert to its excitation
ground state. The emission spectrum generated is dependent on the
electroluminescent material employed. For instance, poly(2-methoxy-5-(20-
ethyl-hexoxy)-p-phenylenevinylene) may emit an orange-red hue; poly(p-
phenylene vinylene) emits green and polyfluorenes emit blue. Filters can be used
to alter the color of an image inside the structure. The brightness of the
electroluminescent structure increases linearly with the applied voltage until it
reaches its limit. Electroluminescent devices utilze a voltage range of 100-1000
volts (figure 6) .[16]

Hole
\ ANODE

R EETTE

CATODE

Electron |

Figure 5. Basic electroluminescent diagram structure. Taken from reference [16]

Electroluminescence can be exhibited at organic light- emitting diodes (OLEDS).
Another example where electroluminescence can be found is in optical fibers.

'CEM

' YECH
C!NTEI

Figure 6. Example of an electroluminescent flexible textile gadget.[16]



2.1.1.4 Cathodoluminescence

This kind of luminescence has to do with an excitation that occurs to electrons or
ion beams, which can also be called ionoluminiscence. Cathodoluminescence
(CL) can also be known as the contrary mechanism in the photoelectric effect.
An example of cathodoluminescence is using the out-of-date cathode-ray
televisions[17].

The fundamental notion of cathodoluminescence is light or electromagnetic
radiation in the ultraviolet to the near-infrared range of the electromagnetic
spectrum produced by rapid electrons (cathode rays) in an electron beam. One of
the most popular applications of cathodoluminescence is in a scanning electron
microscope as shown in figure 7. A laser beam is focused on the sample in a
vacuum environment holding the material of interest.[18]

Cathodoluminescence may be used to explore subjects such as light propagation,
dispersion, the electrical composition of a material, and resonant processes.
Consequently, it is a key source of information for both basic and research work,
as well as having a real relationship to industry.[19]

Figure 7. a) Cathodoluminescent imaging obtained by a Scanning electron microscope (SEM),
left. b) True color imaging using an optical CL microscope. The micrographs illustrate quartz
crystals embedded in intricate interior textures of volcanic rocks. Taken from reference [18]



2.1.1.5 Radioluminescence

It derives from synergy among ionizing radiation and matter. It is known that the
mentioned radiation can be, for instance, a or  particles. Also, it could be rays
such as X-rays or y rays, or even cosmic rays or photons. Objects that can present
radioluminescence are labeled as scintillators, a flare of luminosity that happens
when a radiation source hits a metal surface[20].

Different frequency bands within the electromagnetic spectrum are essential for
health imaging and treatment. Short frequencies of radioactivity (ionizing
radiation) are frequently utilized in radiological and radiological imaging and
cancer radiation treatment. Middle frequencies (optical radiation) are
advantageous for imaging and photodynamic treatment at a more local or regional
scale. Furthermore, magnetic resonance imaging and hyperthermia therapy often
use longer wavelengths. There has been a recent rise in research on novel
biological approaches that combine optical and irradiation by utilizing ionizing
radiation's capacity to induce optical signals. These phenomena collectively
referred to as radioluminescence, are exploited in various applications, including
radiological imaging, radiation treatment control, photodynamic therapy, and
molecular imaging using nanoparticles. One example is shown in figure 8.[21]

For instance, some examples of where radioluminescence can be applied. To
begin, radioluminescence microscopy (RLM) is an imaging method.

Figure 8. Example of radioluminescence imaging in a microscope. Taken from reference [21]

In another application where to see the application of radioluminescence is for
preclinical imaging, and in vivo activation, persistent luminous nanoparticles
based on silicate and polymer have been created. They possess features that make
them well-suited for sensitive in vivo imaging.


https://www.sciencedirect.com/topics/chemistry/gamma-ray
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Figure 9. In vivo imaging of luminescent particles. Taken from reference [21]

2.1.1.6 Bioluminescence

It is a kind of chemiluminescence, but a living organism produces the interaction
chemicals, and the light is produced by a chemical reaction occurring inside the
organism. Several light-emitting compounds are found in some organisms, but
one example is luciferin, which can be found in some bugs such as the firefly.[22]

No parasitic luminous species often includes the gene for its luciferase or
photoprotein, if not for the light-emitting luciferin itself. Counting the number of
times bioluminescence evolved independently is difficult, and there is a danger
of exaggerating or underestimating the number. While bacterial symbiont
organisms evolved just once, each squid or fish species that utilize
bioluminescence, must acquire special light organs to contain and support the
population. Bioluminescent illumination is created when energy is released
during a chemical reaction. The oxidation of a light-emitting chemical often
commences this luciferin reaction. The luciferin process is sped up by an enzyme,
either luciferase or a photoprotein, a kind of luciferase in which the components
required for light emission are covalently bonded together. Photoproteins create
light when they bind another ion, for instance, Caz+ or Mg»+, altering the structure
of the protein. This technique allows the organism to precisely control the
emission of light. While several kinds of luciferins account for the majority of
light generated in the water, there are certainly countless other light-emitting
activities. In figure 10 there is different examples of bioluminescence found
underwater.[23]
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Figure 10. Examples of marine bioluminescence. Taken from reference [23]

2.1.1.7 Chemiluminescence

Chemiluminescence arises when electrons are activated by chemical processes
rather than light energy, as with other types of luminescence. Thus, the chemical
events occurring are oxidation-reduction reactions, as seen in manufactured
glow-sticks.[24]

The immediate outcome of a chemiluminescent process is an excited electronic
state. This state subsequently decays to an electronic ground state, emitting light
through either an allowed transition (similar to fluorescence) or a prohibited
transition (similar to phosphorescence), depending on the spin state of the
produced electronic excited state. Chemiluminescence is distinct from
fluorescence and phosphorescence except that the electronically excited state is
produced by a chemical process instead of by photon absorption. It is the polar
opposite of a photochemical reaction, which uses light to catalyze an endothermic
chemical process. Here, light is created as a result of an exothermic chemical
process. Chemiluminescence may also be induced electrochemically; this is
referred to as electrochemiluminescence. [25]

The first chemiluminescent chemical was 2,4,5-triphenylimidazole (lophine),
which emitted light when combined with potassium hydroxide in ethanol solvent
in the presence of air in 1877[26]. The luminol test is a well-known example of
chemiluminescence in a laboratory setting [27].
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Whenever chemiluminescence occurs in living creatures, it is referred to as
bioluminescence. As mentioned before, a clear example of chemiluminescence is
the process through which a light stick emits light, and it is described in figure
11. [28]

1
I
I
|
|

Figure 11. Example of chemiluminescence. A glowing stick. Taken from reference [28]

2.1.1.8 Triboluminescence

When a force is applied to a solid substance, this type of luminescence arises. The
name triboluminescence derives from the Greek word "tribe in," which implies
rub. Triboluminescence (TL) may be achieved in various methods, including by
shredding crystals or by moving a liquid over the surface of a solid material[29].

First, what is triboluminescence? It is a tribology process that results in the
creation of light when materials come into contact with one another. The origin
of the triboluminescence is derived from a mixture of the Greek word for rub
"tribein " and the Latin word for light, "Lumin". Frictional mobility is the action
of rubbing, scraping, crushing, or shredding a substance; this action results in
electrostatic force by splitting and rejoining the electrical currents. However, this
optical phenomenon has been extensively studied, and there is still much more to
learn about it. Therefore, the term triboluminescence was created in 1888 by
Wiedemann and Schmidt to refer to an emission of light that is not caused by an
increase in heat that happens when such compounds are crushed. [29]
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Francis Bacon (1620) is credited with being the first witness of the
triboluminescence phenomenon, claiming that sugar crystals sparkle when
shattered. After that event, Robert Boyle, in 1663, established the veracity of
Bacon's research on triboluminescence and the sparkling effect caused by rubbing
or scratching.[30]

A technique for seeing triboluminescence is by using a well-known
triboluminescence example, such as the Wint-o-green. When Lifesavers
(Lifesaver is a registered brand of Lifesaver, Inc.) are cracked open in the air,
powerful triboluminescence may be seen. Triboluminescence occurs when
asymmetrical materials are shattered. Electrical charges are separated by the
crack and rejoin to ionize the air. The ionization of nitrogen in the air generates
invisible UV light[31]. Triboluminescence is only observable when a substance
catches the ultraviolet light and releases it in the visual spectrum (fluorescence
[32]. Numerous additional substances display triboluminescence—sugar squares
In their natural state, as well as any sweet produced with sucrose. When most
sticky tapes, which include duct tape, are ripped, they produce light. Calcite,
feldspar, fluorite, and quartz, among others, show triboluminescence when
mechanically strained. [33].

There seem to be numerous applications to this subject, hence why the concept
of triboluminescence has indeed been extensively studied by scientists in
different areas such as biology, physics, electronics, and its applications in the
aforementioned domains. The housing industry is one of the diverse applications,
with the majority of research on tangible goods focusing on a variety of factors
to better understand their use and advantages. Utilizing image processing and
machine learning algorithms, triboluminescent materials are frequently employed
In the construction sector for fracture identification and final inspection. This
fracture detection appears critical since it operates as a preventative measure to
avert severe harm (Figure 12).[34]. Aich, Appala, and Saleh gathered information
in this sector by coating cement mortar cubes with manganese-doped zinc sulfide
with the intention to observe and record the luminescence to commence image
processing and fracture quantification. The study's findings established a clear
correlation between triboluminescent concentration and electrification. [35]

The triboluminescence phenomenon may be employed to create intelligent
structure sensors generally. These sensors may be used to detect and monitor
damage to civil, aerospace, and military facilities, as well as spacecraft and
airplanes. [36]. Triboluminescent sensor systems offer the potential for wireless,
and dispersed sensing, enabling continuous monitoring in real-time and making
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them desirable for a range of manufacturing applications. Additionally, they may
be employed as strain, fracture, and degradation detectors. [8]

Figure 12. Triboluminescence application illustration. Taken from reference [34]

2.1.1.9 Sonoluminescence

Sonoluminescence is a physical phenomenon that happens when related
ultrasound is in an aqueous environment. The mechanism that occurs is that the
ultrasound provokes some bubbles to come up that also collide with each other,
then at the time of the collision, it creates heat. Therefore by these circumstances,
the electron detaches from the nuclei of the atoms, so the plasma is generated to
produce visible light [37].

Ultrasonic irradiation of liquids may indeed create illumination, labeled
"sonoluminescence," as Frenzel and Schultes demonstrated in 1934 using water.
Sonoluminescence is a phenomenon caused by sonic cavitation. Multiple-bubble
sonoluminescence (MBSL) and single-bubble sonoluminescence (SBSL) are two
types of sonoluminescence [38]. Because cavitation is a nucleated phenomenon
and liquids typically include a significant number of nuclei, the "cavitation zone"
formed by spreading or stationary sound waves involves the combination of a
vast number of interacting bubbles scattered across a vast area of the fluid.
Cavitation may be powerful enough to generate multiple-bubble
sonoluminescence. For somewhat technical but readily attainable circumstances,
it is now demonstrated that a single stable gas bubble may be driven into giant
magnitude pulses that emit sonoluminescence on each acoustic period. [39].

In certain circumstances, the acoustic force acting on a bubble may be utilized to
counterbalance its float, therefore stabilizing the bubble in the fluid through
acoustic floating. It enables a detailed analysis of the dynamic properties of a
single cavitating bubble (Figure 13), either theoretically or experimentally.[40]
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Figure 13. SEM picture of sonochemically produced hemoglobin protein microspheres. Taken
from reference [39]

3 Review of luminescent polymers

3.1 Luminescence in conjugated polymers

3.1.1 Conjugated polymers

Firstly, it is needed to be mentioned about conjugated polymers. Therefore, they
are substances that a backbone of altering single and multiple bonds yields into
n-conjugation by an overlap of the m-orbitals in the atoms, forming the band
structure, which is a continuity of energy states. Conjugated polymers are
interesting for different functions because of their characteristics.

One of their most unique characteristics is that their molecular arrangement can
be modified; therefore, this results in a suitable material for an enormous number
of exceptional uses. Conjugated polymers possess the capability to reach similar
electrical properties compared to some inorganic semiconductors. Nonetheless,
their chemical arrangement is way more complicated, and they are considered
similar to biomacromolecule's structure. [41]

3.1.2 Conjugated luminescent polymers

Previously to review the luminescent conjugated polymers especially, it is
convenient to recapitulate about two kinds of luminescence mentioned before:
fluorescence and phosphorescence. Thus, the difference between these two kinds
of luminescence is that fluorescence is a radioactive decay mechanism of a
molecule from its singlet excited state to the singlet ground state. On the other
hand, phosphorescence is a radioactive decay mechanism that starts in a triplet
excited state to the singlet ground state.[42]
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Having these concepts, one of the very first studies about conjugated luminescent
polymers was analyzed by Holdcroft et al. [43]. The investigation was performed
over the conjugated polymer poly(3-hexylthiophene), see figure 14, (P3HT) that
presented luminescence in the form of phosphorescence. In that report, some
other examples presented luminescence in the form of phosphorescence, such as
a-terthiophene, which is correlative as polythiophene, which shows an exact
spectrum to the a-terthiophene. Later different investigations about the
phosphorescence of conjugated polymers are presented, for instance: methyl-
substituted lad-der-type poly(para-phenylene) (MeLPPP) , also it is exhibiting
the dialkoxy-substituted poly(para-phenylene) (dC8OPPP), and finally it can be
seen in the following figure, poly(9,9-di-n-octylfluorene) (PFO), and poly(3,6-
carbazole) by-products (PCBP).[42], [43]

R1 = n-hexyl
R2 = n-decyl
R3 = methyl

‘ n
o .
/_/—/_/ilCSOPPP O Q N O

Figure 14. Examples of polymers and oligomers presented in the first studies of luminescence
of polymers. Taken from reference [42]

Due to the high level of interest in these types of luminous polymers, both
academic and industrial, significant work has been spent on the design and
synthesis of diverse conjugated polymers.[44] Considerably amount of studies
have been conducted to generate high efficiency of light-emitting polymers that
emit at adjustable frequencies, with extended lifespan, and color pure. [45]
Conjugated polymers are being employed in a variety of optoelectronic devices,
including light-emitting diodes(LEDs), and field-effect transistors among others.
[46]
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Numerous polymeric substances have been widely researched as light-emitting
compounds, some examplesincluding poly(p-phenylenevinylene) (PPV),
polythiophene (PT), poly(p-phenylene) (PPP), poly(phenyleneethynylene)
(PPE), and polyfluorene (PF). [47]

3.1.3 Examples of luminescent conjugated polymers
In the following examples of chemical structures ( Figures 15 to 19), there are
going to be explained about de characteristics of some luminescent polymers.

3.1.3.1 Boron and Aluminum Quinolates

Organoboron quinolates are emerging as promising materials for luminous
systems due to their potential use as electrical conductors and emissive elements
in organic light-emitting diodes (OLEDs) [48][49].

Organoboron quinolates are a significant family of chemicals that have shown
broad use in chiral boron catalyst identification, trace metal measurement by
fluorescence reaction, insecticides, bactericides, and antibiotics.[50] It is their
luminescence that has received much attention lately. In 1987, Tang and
VanSlyke discovered the electroluminescent characteristics of aluminum
quinolates (AIQ3) and similar derivatives, and they are now extensively
employed as components for emitting and electron-conducting structures in
organic light-emitting systems (OLEDs) [51]. Boron and aluminum quinolates
are presently used in vacuum deposition processes for device manufacture. On
the other side, aqueous processing techniques, such as ink-jet print, are gaining
Increasing interest as a possible low-cost option. As a result, incorporation of the
inorganic component within polymer structures has opened up novel avenues
[52][50][47].

\
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boron quinolate

Figure 15. Boron quinolate chemical structure. Taken from reference[50],[47]
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Figure 16. Aluminum quinolate chemical structure. Taken from reference[50]

3.1.3.2 Boron diketonate

boron diketonate

Figure 17. Boron diketonate chemical structure. Taken from reference[53],[47]

Organoboron diketonate is indeed a boron light-emitting compound with high
molar absorption coefficients and quantum yields. [54]. It could present
luminescence with low emission and a high phosphorescence [55].

3.1.3.3 Boron dipyrromethene

74 /\
/N‘B’N /
RR

boron dipyrromethene
(BODIPY)

Figure 18. Boron dipyrromethene chemical structure. Taken from reference[47]

Boron dipyrromethenes and their derivative products are a category of strongly
luminescent materials that have been discovered. Fluorophores are widely used
for biochemical classifying, photonic molecular devices, beam dyes,
organogelators, and light-emitting equipment. Due to its high quantum efficiency,
reduced interference crossing percentages, big mole ratio absorptivity, and
outstanding photostability[56].

The inclusion of boron dipyrromethenes as luminescent chromophores into
polymeric side chains and silica matrix is advantageous for optoelectronic
devices such as dye lasers[47],[57].

18



3.1.3.4 Pyrazabole

R R

CYD
N-g N
R R

pyrazabole

Figure 19. Pyrazabole chemical structure. Taken from reference[47]

Pyrazabole is a very robust boron heterocycle that easily accepts a wide variety
of compounds. Numerous uses of pyrazaboles have been described, such as
their broad applications either building blocks for liquid crystals or as excellent
connectors for ansa-ferrocenes in the formation of active container structures for
supramolecular uses.[47][58]

3.2 Luminescence in non-conjugated polymers

3.2.1 Non-conjugated luminescent polymers

Luminescence contributes significantly to the advancement of several research
frontiers in computing and imaging[59]. Polymeric luminogens are a luminous
substance that has generated considerable scientific attention, partly due to their
structural diversity and ease of functionalization[60]. Non-conjugated
luminescent polymers are a family of polymers that exhibit light emitting features
in the absence of conjugated systems, as do traditional polymeric luminogens.

Highlight the benefits of non-conjugated luminescent polymers over
conventional polymeric luminogens, such as their high emission brightness. Also,
after preparation into aggregated or solid form, it is estimated that the photo-
physics and chemistry of non-conjugated luminescent polymers become more
sophisticated than conjugated luminescent polymers. Not only will our
comprehension of optical processes be unaffected by aggregation-caused
qguenching (ACQ) improve, but the mechanism [61]. Non-conjugated
luminescent polymers (NLPs) have a wide variety of applications, ranging from
OLEDs to chemo-sensing and, as previously indicated, luminous drug
carriers[62].
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3.2.2 Examples of non-conjugated luminescent polymers

3.2.2.1 Non-conjugated luminescent polymers as drug carriers

Whereas the photo-physics of non-conjugated luminescent polymers (NLPs) has
been intensively investigated until lately, their luminescence has been widely
embraced in the literature for several years. Another example comes from a
lysine-based cationic dendrimer that lacks a fluorophore. The dendrimer was
synthesized as a cell transport nanoprobe[63]. Another example comes from
chitosan, a kind of natural polymer formed when chitin is partially deacetylated.
Chitosan's inherent luminescence has helped in characterizing the degradability
and cell attachment capabilities of chitosan fiber-mesh scaffolding (Fig. 20) [64].
Furthermore, the pores of a chitosan-gelatin layer on the surface of a titanium
implant were effectively used as a fluorescent microscope by using chitosan's
emissive ability. This technique enables the coated implant's microstructural and
physicochemical characteristics for osteogenesis [65]. Besides imaging
applications, chitosan is positively charged due to the presence of amine groups.
Nanoparticles for plasmid transfection and RNA interference have been created
using ionic crosslinking with tripolyphosphate (TPP) [66], with no visible
cellular injury or symptoms of irritation after intramuscular injection of such
nanoparticles into mice.[61]

Figure 20. Image of chitosan fiber mesh. Taken from reference [61]
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3.2.2.2 Comparative table of different non-conjugated luminescent

polymers
Polymer Origin Optical Features Application as drug carriers
Cellulose Natural Blue luminescence was reported from the Hybrid gels derived from high-amylose starch and microcrystalline
cellulose matrix in filter paper when excited | cellulose have been shown to float in the stomach and provide
at 325-375 nm. sustained drug release for oral medication administration.
The freeze-drying technology was used to create cellulose nanofiber
aerogels. Aerogels with strong floatability and mucoadhesive
characteristics have been developed for oral medication
administration.
Chitosan Natural When chitosan fibers were excited at 488 nm, | Minocycline was put into an ionically crosslinked chitosan-based
green fluorescence was seen. hydrogel, which effectively improved wound closure in a full-
thickness excisional wound model.
A copolymer composed of chitosan and PEI was discovered to be
excellentin delivering plasmids to cancer cells.
Poly Synthetic On excitation at 390 nm, blue luminescence A copolymer composed of chitosan and hypromellose has been used
was seen from an aqueous solution of a G4 to deliver medications over an extended period of time.
(aminodo NH2-terminated PAMAM dendrimer. A carboxyl-terminated PAMAM dendrimer was grafted with PEG
amine) methyl ether InPEG) and shown to be highly biocompatible for the
“PAMAM” delivery of carboplatin (CPT).
PEG Synthetic On excitation at 450 nm, green fluorescence PEG-conjugated pyrrole-based polymers demonstrated to self-
was seen from PEG in the drug-loaded assemble into soft nanoparticles capable of delivering drugs and
matrix. releasing them continuously.
Sodium Natural When sodium alginate solid particles were Moultiple medicine co-delivery has been shown using
Alginate excited at 312 nm, blue fluorescence was multicompartment microgels made from sodium alginate through a
seen. microfluidic electrospray method.
The sodium alginate core-shell hydrogel beads have been developed
for sustained medication release.
Starch Natural When starch solid granules were excited at Composites were synthesized from a starch derivative utilizing an

365 nm, blue fluorescence was seen.

emulsion-template approach for the simultaneous delivery of
hydrophilic and hydrophobic medicines.

Table 1. Comparative table of examples of non-conjugated luminescent polymers. Taken from

reference [61]

3.3 Luminescence in polymers with hydrogen bonding

3.3.1 Hydrogen bonding in polymers

Typically, a hydrogen bond or hydrogen bridge is an intermolecular force,
although it may also occur when separate sections of a molecule become
intramolecular. This bond is formed via dipole-dipole interactions and is usually
seen in combination with a negatively charged oxygen, fluorine, or nitrogen atom.
This results in the electronegativity difference between the two polar

molecules.[67]
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In general, a hydrogen bond is defined as a set in which a hydrogen atom is
sandwiched between two atoms X and Y — ideally in the linear configuration X—
H---Y— with the distance between their nuclei considerably smaller than the sum
of their van der Waals radii and proton diameter, the creation of a hydrogen bond
causes the X—H---Y structure to contract (Fig21).[68] Hydrogen bonding is a
substantial non-covalent force that is commonly involved in the solid-state
formation of supramolecular complexes. It has long been recognized in the area
of photo-physics that the formation of hydrogen bonds between luminogens may
stabilize their molecular structures. [69] In comparison to covalent bonds (155
kJ/mol), hydrogen bonds have a weaker attractive force (5 to 30 kJ/mol).
Hydrogen bonding is a substantial non-covalent force that is commonly involved
in the solid-state formation of supramolecular complexes. It has long been
recognized in the area of photophysics that the formation of hydrogen bonds
between luminogens may stabilize their molecular structures. [69]

@@Q

Hydrogen Bonded
Multimer

Figure 21.Hydrogen bonding representation of phenol multimer . Taken from reference[68]

3.3.2 Examples of luminescence in hydrogen bonding

While conventional luminogens exhibit strong n-w interactions, this technique has
the drawback of decreasing the emission, limiting its use. It was discovered that
some non-coplanar luminogens are not luminous in solution but are extremely
emissive an aggregate state. This type of emission as a result of aggregation
correlates with the effective limit of intramolecular rotations and vibrations (RIR
and RIV). The primary explanation for the absence of emission in the diluted
solution state is given by rotation- and vibration-coupled molecular interactions
between the luminogen and the solvent molecules that are abundant in the diluted
solution state, resulting in non-radiative decay of the excited species.[70]
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Hydrogen bonding may be employed to aid in the self-assembly of structures.
Hydrogen bonds are orientated in accordance with the direction of the paired
contact, and molecules physically joined by hydrogen bonds may be considered
a structural assembly capable of effectively locking the rotation. The
salicylideneazine derivative of 2 is employed in this investigation (CN4OH). It is
composed of two six-membered enolimine rings that are linked together by
intramolecular hydrogen bonds( Figure 22). [70]

enol-imine

O—H /—<; :>—OH
/\N—N\/
HO

H—O

| S—
enol-imine

2 (CN4OH)

Figure 22. Example of hydrogen bonding. Taken from reference [70]

3.4 Composite and hybrid luminescent polymers

It is essential to be clear about the concept of what a composite material means,
therefore a composite material or, in this topic, a composite polymer is the one
that is formed from two or more components. These different components possess
noticeably different physical or chemical compositions and characteristics. Then
they are blended to create a material with features dissimilar to the original single
elements. The single components of the final composite material or polymer can
be easily distinguished and continue detached. [71] This concept is also applied
to luminescent polymers; they can be attached with different kinds of materials,
for instance, nanoparticles.
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3.4.1 Luminescent Polymers with nanoparticles (composites)

3.4.1.1 Polymer dots

Semiconducting polymer nanoparticles have garnered substantial importance
lately due to their exceptional properties as fluorescence sensors. These are
nanoparticles primarily composed of m-conjugated polymers and are referred as
polymer dots due to their tiny size and intense luminosity. They are helpful in
various applications, including fluorescence imaging and biosensing[72].
Polymer dots are polymers that have been aggregated or cross-linked from linear
polymers or monomers [73]. Polymer dots exhibit extraordinary photophysical
features, high extinction coefficients, high single-particle brilliance, and
remarkable photostability. Additionally, polymer dots have excellent
biocompatibility, adjustable optical and surface characteristics, and colloid
proportions. Numerous research and viewpoints imply that polymer dots are a
subgroup of conjugated polymer nanoparticles. As previously said, polymer dots
denote both tiny particle size and a high degree of brilliance. Polymer dots might
thus be regarded as a branch of conjugated polymer nanoparticles. 11 To be
congruent with the concept of a tiny "dot," polymer dots should have a width of
less than 20-30 nm, ideally in the range of 5-20 nm [74].

3.4.1.1.1 Luminescence in conjugated polymer dots

Conjugated polymer dots, also known as polymer nanoparticles, are unique,
organic nanomaterials with sizes of 1-100 nm. They are composed of x-
conjugated organic polymers. Compared to conventional organic small
molecules, semiconductor quantum dots, and inorganic nanomaterials, polymer
dots have many applications in bioimaging, detection and identification, and drug
delivery. They are owing to their unique optical properties, diversified structure,
ease of surface functionalization, and excellent biocompatibility. [75]

3.4.1.1.2L.uminescence in non- Conjugated polymer dots

Non-conjugated polymer dots, a subclass of Carbon dots, have attracted growing
Interest in recent years[76]. They feature aggregated polymer structures. These
are distinct from conjugated polymer dots, which are formed by the assembling
of fluorescent-conjugated polymers. This non-conjugated polymer may be
synthesized by dehydration, condensation, carbonization, or assembly.

24



The photoluminescent centers in these preparations are assigned to the generated
carbon cores or fluorophores. Polymer dots are very promising as innovative
luminous materials due to their ease of surface functionalization. [73]

3.4.2 Hybrid luminescent polymers

Initially, luminous materials were mostly inorganic and consisted of transition
metals or rare-earth metals. Following excitation, these materials display wide
emission bands due to parity-allowed electron transitions. The host lattice has a
significant effect on the emission wavelengths, which are primarily determined
by the coordination number of the cations, the anionic rare-earth metal bond
lengths, and symmetry[77]. Over the years, various synthesis procedures have
been developed with the goal of improving these materials' excitation durations,
photo/thermal stability, quantum efficiency, and cost. As a result, hybrid
luminescent materials seem to be a viable option. Due to its potential uses in
optical displays, biological imaging, chemical sensing, and security systems,
hybrid luminescent materials have garnered recent interest. These materials
benefit from simple structural adjustment and processing, which enables the
production of soft and flexible optical devices.[78] After reviewing the most
recent breakthroughs in the design principles of hybrid luminous materials and
their prospective applications, there are three major building obstacles. The first
Is time-related, with the goal of increasing durability, photothermal stability, and
luminescence lifespan. The third issue is space, or more precisely, the hybrids'
spatial organization, orientation, state of aggregation, and chirality. Finally, but
certainly not least, energy is defined in terms of quantum efficiency,
luminescence color, wavelength, and energy transfer. These three characteristics
expand the scope of future study in this field. The next section will describe some
instances.[79], [80]

3.4.2.1 Examples of Hybrid luminescent polymers

This section discusses inorganic-organic and polymeric—organic hybrid
luminous polymers. The first, owing to their applications in drug delivery,
catalysis, energy conversion, and storage, coupled inorganic nodes and organic
connecting groups are highly valued in the industry. About inorganic-organic
molecular hybrid materials, an appropriate example is that metal-organic
frameworks (MOFs) are a subset of coordination polymers (CPs), consisting of
networks of metal clusters or metal ions connected by organic ligands.
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MOFs with luminescent properties are composed of noble metals and rare earth
elements (Au, Pt, Ru, Ir, Th, and Eu). For the second, covalently attaching
phosphors to polymer matrices, via intermolecular interaction, is a recently
developed technique for implanting phosphors into a rigid matrix and generating
persistent luminescence reactions such as free radical copolymerization, covalent
cross-linking, and ring-opening polymerization. All of these are facile ways for
producing polymers. [81]-[83]

3.5 Conventional luminescent polymers

Conventional luminescent polymers are those that have large © -aromatic building
components. Prior to discussing conventional luminescent polymers, it is
necessary to understand conjugated polymers. These conjugated polymers are
macromolecules distinguished by an alternating backbone chain composed of
double and single bonds. Numerous optical and valuable properties may be seen
as a result of the overlapping p-orbitals that form a configuration of delocalized
n -electrons. The backbone chain of a polymer, as previously stated, is the most
extended sequence of covalently bound atoms that collectively form the
molecule's continuous chain.[3]

Furthermore, the second concept, delocalized = electrons, refers to electrons that
span many atoms. Typically, electrons are bonded to a single atom in materials,
and atoms are kept together by the interplay of their charges. For those n-electrons
with a neighboring sigma bond, delocalization occurs. Due to their high emission
characteristics, these compounds have attracted significant interest in a range of
applications, including organic light-emitting diodes (OLEDSs), photovoltaic
panels, and biomedical imaging. Despite their widespread usage, the difficult
synthesis and toxicity of large conjugated systems, their poor water miscibility,
and limited resistance to photobleaching limit their future development and
utilization. Additionally, they are very luminous in aqueous systems but emit
weakly or not at all when concentrated or aggregated, owing to the aggregation-
caused quenching (ACQ) phenomenon. [3]

3.6 Non-conventional luminescent polymers

This 1s a novel class of photoluminescent materials that lack large n-n conjugated
configurations and exhibit specific properties in their emission phenomena,
including the absence of delocalized electron excitation and the ability to behave
as a group rather than as separate units. Additionally, the advantages of these
types of polymers over the typical ones stated before include a more accessible
method of manufacture, a cheaper cost, and less environmental impact. These
items may be used for the appropriate and precise purpose.[84], [85].
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Due to the difficulties associated with conventional luminescent polymers,
researchers have discovered a novel category of photoluminescent compounds
free of large =m-mconjugated groups, dubbed non-conventional luminescent
polymers. [84] This novel class of luminous structures often contains a solitary
ring structures or contains other subcategories such as (CN, C=C, -OH, and -
NH2), as well as substances such as sulfur, phosphorus, oxygen, and nitrogen.
Compared with normal luminogens, the emission properties of non-
conventional luminescent polymers are pretty distinct. To begin with, they do not
need the stimulation of delocalized electrons. On the other side, they behave as a
group of molecules instead of as a solitary or autonomous unit, resulting in
significant emissions in the concentrated/aggregated form. [86] Additionally,
these kinds of luminescent polymers have several advantages over conventional
polymers, including ease of production, relatively inexpensive, environmentally
friendly nature, biocompatible, and low or non-toxicity, which enables them to
be shaped into potential materials for achieving competitive advantages. [87]

Poly(amido-amine) polymers are a kind of dendrimer composed of repeatedly
branching amide plus amine functional group subunits. [88] Poly(amido-amine)
(PAMAM) is a good model of a synthetic polymer that exhibits non-conventional
luminescence. [89] Since Tomalia et al. initially synthesized PAMAM dendrimer
in 1985, the polymer's weak emission has been increased several times. [88]
Following that, Tucker et al. hypothesized in 2000 that the faint although
noticeable fluorescence of PAMAM was due to intrinsic emission from the n-*
transition corresponding to the amide groups.[90] This first study of Poly(amido-
amine) dendrimer marked the start of a systematic investigation into non-
conventional luminescence. Afterward, several kinds of nonaromatic luminous
polymers were developed for foundational research and performance
optimization. [6]

3.7 Mechanisms

3.7.1 Mechanisms of luminescence in polymers

The luminous procedure involves an electron being excited towards the
metastable state, being activated to the emitting level, and a prohibited shift
between the emitting and ground levels. The metastable condition is skipped
when the activation energy is greater. Under elevated temperatures, the
metastable electron overcomes a greater potential threshold, resulting in less
radiation interaction with the activating element.
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Since excitation of an electron in this condition is required prior to emissions may
happen, the metastable phase frequently alludes to an electrons trap. The change
in fluorescence intensity with heating rate during ongoing stimulation indicates
luminous efficacy and gives insight into how the luminescent mechanism
works.[91]

3.7.1.1 Aggregation-caused quenching effect

When traditional fluorophores are gathered or aggregated, their light emission is
often reduced. Due to this action, luminescence is often attenuated or quenched
at high congregations of fluorophores; this process is referred to as concentration
guenching.[92] A potential cause of the quenching process is related to the
development of conglomerates, or in this scenario, called aggregates, which is
why the concentration quenching effect is commonly known as aggregation-
caused quenching. [93] The quenching effect associated with aggregation has also
been reported in inorganic luminescent substances, for instance, quantum dots.
[94]

A more effective method to comprehend the aggregation-caused quenching effect
is to illustrate it using an example, as shown in figure 23. The image represents a
mixture of N,N-dicyclohexyl-1,7-dibromo-3,4,9,10-perylenetetracarboxylic
diimide (DDPD), dissolved in Tetrahydrofuran (THF), which is an organic
solvent that has a low boiling point, low viscosity, and high solubility.[95] The
combination of DDPD and THF is very luminous. When water is mixed with
THF, the luminescence associated with the union of the two substances is
diminished. As the insolubility of DDPD with water rises, the luminophore
concentration of DDPD particles tends to agglomerate. This occurs because as
the water concentration is augmenting, the THF and water mixture's dissolution
ability decreases to the point where the majority of the DDPD molecules
agglomerate. At the end of that process, it is shown that DDPD's luminescence is
entirely quenched as a consequence of aggregate development. [93]
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Figure 23. ACQ effect in a solution/suspension of DDPD. Taken from reference[93]
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DDPD particles feature a perylene center body in the shape of a disc. When
DDPD particles experience a conglomeration, the perylene rings could encounter
intense m— layering interplay because single-layer luminescent particles or
molecules, as in this scenario perylene, tend to aggregate as discs accumulate on
top of each other, and this frequently results in the inhibition of luminescence.
The accumulation of the discs results in the generation of non-favorable
molecules as excimers (excited dimers formed by the association of excited and
unexcited molecules). As a result, the aggregation-caused quenching effect is
noticed.[96] This effect is very frequently seen in most aromatic compounds [97]
A fundamental cause for the appearance of aggregation-caused quenching effect
Is that traditional or conventional luminescent molecules are usually composed
of planar aromatic hydrocarbon chains, such as mentioned before, perylene,
which is a polycyclic aromatic molecule that exhibits a kind of blue fluorescence.
[98]
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Figure 24. representation of ACQ effect. Taken from reference. [99]Emission takes place when
fluorophores are in solution, and it is non-emissive when they are aggregated.

Since luminescent properties of a compound are primarily determined by
electronic conjugation, a method consists of augmenting the breadth of n-n
conjugation by linking several aromatic rings. In this way, with larger chains of
aromatic rings with better luminescent properties in solutions, the aggregation-
caused quenching effects may increase as the probability of larger luminescent
molecules forming excimers increases.[96]

The quenching effect generated by aggregation is often regarded as harmful in
practical or industrial uses. For instance, luminescent substances have been
employed as sensors to determine the concentrations of ionic groups in water
samples.[100]
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Aggregation-caused quenching effect is also a key barrier in manufacturing
organic light-emitting diodes, in which luminescent compounds or luminophores
are employed as slim solid films. Due to the lack of solvent in the solid state, the
luminophore density increases to the limit, and the aggregation-caused quenching
effect results in more intense. [51] Due to the fact that the aggregation-caused
guenching effect is detrimental to diverse uses, various researchers have devised
multiple attempts to address the issue. Physical procedures or different chemical
reactions are often used to prevent the production of luminophore aggregates.
[101]

3.7.1.2 Aggregation-induced emission effect

The aggregation-induced emission effect is the contrary to the well-known
aggregation-induced quenching phenomenon. Aggregation-induced emission
effect is helpful to purposefully using the spontaneous aggregation process of
luminescent molecules, rather than battling against it.[93] Luminescent
molecules have an inherent proclivity for aggregation formation in concentrated
liquids and the solid phase. Tang et al. (2001) developed an unusual luminogens
structure wherein aggregates of luminophores behaved in a manner that
luminescence could happen instead of diminishing the luminescence as it does in
standard luminogens systems. [102] The research discovered that although a
series of silole derivatives did not display luminescence in diluted mixtures, they
were intensely luminous when aggregated in concentrated mixtures or a solid-
state. [103][104]

Aggregation-induced emission occurs in a wide variety of molecular systems and
gives novel concepts for creating luminescent substances that are structurally
distinct from the previously stated aggregation-induced quenching systems. [105]
Aggregation-induced emission mechanism provides a convenient alternative to
the quenching effect generated by the aggregation of luminescent molecules.[94]
Aggregation-induced emission is a luminous phenomenon in which a
substance shows improved luminescent characteristics when it is aggregated due
to the limitation of intramolecular movements, vibrations, or rotations. [94]

Hexaphenylsilole (HPS) is a recognized exemplar of an aggregation-induced
emission luminogen; it does not present luminescence when is diluted in a
mixture, by using a great solvent suchas it is tetrahydrofuran (THF), but
its luminous emission is strong when its molecules aggregate in a low-
quality solvent, such as THF mixed with a large excess of water, as shown in the
following figure.
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In contrast to the aggregation-caused quenching luminophore, HPS has a helical
turbine structure, as seen in the picture, which inhibits the = — = stacking contact
between the aggregation-induced emission luminogens units. [99]
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Figure 25. Representation of Al effect. Taken from reference. [99]. Emission takes place when
fluorophores are aggregated, and it is non-emissive when they are in solution .

The reason that conglomeration brightens the emission of aggregation-induced
emission luminogens is because basic physics tells that any particle motion,
whether rotation, vibration, or whatever else that produces work, spends energy.
In HPS, the six-phenyl outer molecules may spin continuously around the silole
nucleus. Intramolecular spinning is operative in the liquid diluted mixture, using
excited-state energy through a non-radiative relaxation route. As a consequence,
HPS's fluorescence is diminished. Although, in the aggregate state, such spinning
or twisting is controlled by physical restrictions, which prevent excitons from
decaying non-radiatively. [99] [106]-[108]

The aggregation-induced emission luminogens are promising materials for
practical uses because to their luminescence 'switch-on' property in the aggregate
state.[93] The aggregation-induced emission effect is often caused by a
restriction of intramolecular motion (RIM), which comprises restriction of
intramolecular rotation (RIR) and restriction of the intramolecular vibration
(RIV). In simplest terms, the restriction of intramolecular motion (RIM) process
results in structure rigidification of the different luminous substances [99]
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Figure 26. Aggregation's effect on the luminescence behavior of a polymer. Taken from
reference.[93]

3.7.1.3 Crosslink-enhanced emission effect

The crosslink-enhanced emission (C-EE) effect was first initially shown in 2014
and was formally presented in 2015 as a unique luminescence mechanism for
non-conjugated polymeric dots. [109][87] Non-conjugated polymer dots are a
new family of nanoparticles with aggregated or crosslinked polymeric
arrangements. Initially, crosslink-enhanced emission was interpreted as an
Immobilizing mechanism that was primarily relevant to non-conjugated polymer
dots independently, with the enhancement attributed to limited vibration and
rotation (similar tothe past mechanism of aggregation-induced emission
luminescence). Remarkably, crosslinking is a characteristic of a large number of
polymer structures. Crosslink-enhanced emission may account for some unusual
luminescence properties seen in other polymeric systems, including increased
guantum vyield (QY), wavelength shifts, and also radiative procedure
transformation from fluorescence to phosphorescence. [110]

C-EE is a crosslinking-induced enhanced effect on luminescence. Crosslinking
may be classified broadly as chemical or physical, and the related interactions as
covalent or noncovalent bonding, which encompasses numerous types of
chemical bonds as well as extended spatial interactions.[87] The first kind of
chemical bonding is the covalent bond, which offers a persistent and firm bonding
connection in crosslink-enhanced emission. It often manifests itself in the
production of more rigid structural components, reducing non-radiative
transitions and sometimes developing novel luminous aggregations.
Polyethyleneimine (PEI) is a polymeric structure that exemplifies the C-EE
covalent bond.[87], [109]

The following kind of chemical bond in crosslink-enhanced emission is the
noncovalent bond, which is a more general kind of interaction that is not limited
by the restrictions of covalent bond formation.
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Each kind of noncovalent-bond interaction contributes equally to luminescence
amplification. Supramolecular interaction C-EE, ionic bonding C-EE, and
confined-domain C-EE are the three non-covalent bond interactions used in
crosslink-enhanced emission.[6]

3.7.1.3.1Supramolecular-interaction C-EE

Supramolecular interactions are the most prevalent form of noncovalent bond
interaction. They include hydrogen and halogen bonds, the van der Waals force,
n-n stacking, host guest interactions, and coordination. Due to the variety and
dynamic properties of these interactions, it is possible to produce reactive
photoluminescence characteristics through supramolecular interaction C-
EE.[111]

3.7.1.3.21onic-bonding C-EE

lonic bonds constitute noncovalent chemical bond interactions that are quite
strong. lonic bonds are fundamentally a result of electrostatic interactions, which
comprises both electrostatic attraction and repulsion. lonic connections are
generated when the forces of attraction and repulsion establish an equilibrium.[6]

3.7.1.3.3Confined-domain C-EE

As an essential complement to noncovalent-bond C-EE, confined-domain C-EE
provides a through-space interaction. Crosslinking and entanglement, limit the
luminophores inside a constrained region, causing electron clouds to
approximate or also overlap. Localized orbitals or clusters of orbitals interact
directly or indirectly via other chemical connections. This last interaction is
capable of operating across an astonishingly long radius. If indeed the preceding
crosslinking is taken as the result of bonding, the confined-domain C-EE might
be understood as a more profound orbital interaction.[6]
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3.8 Applications of luminescent polymers

3.8.1 Organic light-emitting diodes (OLEDs)

Organic semiconductive thin films over the last decades received significant
attention from many researchers all over the world due to the adaptability and
ease of preparation of these kinds of films, resulting in a wide range of actual-
world purposes in  electronic and  electrical ~materials. For instance,
photodetectors, transistors, and also light-emitting diodes (LEDs).[112]
Therefore, in this regard, the investigation of organic semiconductors in LEDs
has advanced rapidly as a result of their usage of them in flat displays, and the
effectiveness of the experimental materials has achieved a suitable level for real
world applications, which could result in massive commercial production in the
coming vyears. Electroluminescence isa phenomenon characterized by
electrically induced radiative emission, occurring in a wide variety of standard
semiconductors, and organic electroluminescence were initially observed and
widely explored in the 1960s. [113] Within those initial researches, it was
discovered that the combination of electrons injected from one electrode and
holes injected from the other electrode played a critical part in the light emission
mechanism. In 1987, researchers developed devices with sufficient low
operating voltage levels and appealing electroluminescence efficiencies using
two-layer organic light-emitting diodes (OLEDs) using convenient small-
molecule components and architectures.[114], [115]

In general, an OLED (optical modeling and optimization of organic light-emitting
diodes) was first introduced by Eastman Kodak in 1987 [116]. Since then, OLEDs
have been assigned as promising technologies to contribute to future displays
[117]. Nowadays, OLEDs are valued in some industries whose interests are
displays and lighting. Besides, it is now seen as a field of investigation that
inspires and boosts the development of OLED technology devices[118].

OLED devices have been introduced based on three generations of emitter
materials built on fluorescence which is the first generation, phosphorescence,
which represents the second generation, and finally, the third generation, which
is the thermally activated delayed fluorescence. However, it is said by the
academy's investigation that fourth-generation OLEDs are being developed[119].

The use of OLEDs in displays may have the following features: super-light,
paper-thin, flexible enough, and production of a bright and colorful picture.
Nevertheless, it is vital to emphasize knowing how a regular light-emitting diode
(LED) works and keep in mind clear concepts [120].
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Therefore, LED is a junction diode that is an added feature; for example, it makes
light produced by electrons that cross the junction [117]. Similarly, OLEDs work
like regular LEDs, but instead of using pieces of semiconductor material that are
slightly rich in electrons (n-type) and slightly poor in electrons (p-type), they use
organic molecules in order to produce their electrons and holes [120]. Therefore,
it is crucial to know how an OLED is constructed. It is composed of six different
layers where the top (called the seal) and bottom (called the substrate) belong to
protective layers, such as glass or plastic.

Consequently, OLED devices are multiple organic layers found between an anode
(-) and a cathode (+). Each layer of the OLED performs a vital role. Due to the
organic material layers and the recombination of holes, the electrons are excited,
and emission is produced. Apart from knowing what an OLED is and how it
works, it is also essential to know the types of OLED. First of all, there is the
passive-matrix OLED (PMOLED), which is composed of electrically conducting
rows and columns, and between these, there are the organic layers [120].

OLED Passive Matrix

Cothode

Figure 27. OLED passive matrix representation. Taken from reference.[120]

In the second place, there is the Active-Matrix OLED (Amoled) and unlike the
passive matrix, the anode (-) will have a thin film transistor (TFT) the one that
has to control over the brightness and pixels that get turned on in order to form
an image.
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OLED Active Matrix

Cathode

Figure 28. OLED passive matrix representation. Taken from reference.[120]

And finally, there is the third type which is that the white OLED emits a brighter,
uniform, and efficient light than fluorescent light. These types of OLEDs have
the qualities of incandescent lighting due to the fact that they can be made of large
sheets.

Figure 29. White OLEDs. Taken from reference.[120]

OLED displays are better than Liquid Cristal Display (LCD). There are more
compact and lightweight, with a greater contrast ratio and a broader viewing
angle. It has established itself as a standard in the field of optical displays,
particularly smartphones and TVs.[99]
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Figure 29. OLED smartphone flexible display. Taken from reference. [99]

3.8.2 Luminescent polymers for bioimage

Cancer has developed into a severe health problem in recent years, posing a
danger to people. Even though surgery results in irreparable physical harm, it is
a common form of cancer therapy.[121] Fluorescence bioimaging using a tissue-
transparent, near-infrared window is a high-resolution diagnostic approach with
significant promise for in vivo deep-tissue viewing.[122] Fluorescence
bioimaging, compared to other imaging techniques such as ultrasonography,
magnetic resonance, and computed tomography, gives more precise spatial
features. [104] Additionally, fluorescent bioimaging may be used to see cells and
bacteria in live time and determine viability. [123] Various inorganic compounds
have been produced and used as fluorescent probes, such as fluorescent dyes,
quantum dots, and proteins to accomplish fluorescence bioimaging.[124]
Nevertheless, specific properties of the various materials, such as the resulting
aqgueous solubility, toxicity, and quick photobleaching, therefore these
characteristics limit their widespread use in biomedical science.[125]

Due to their extensive uses in cell imaging, cancer detection and treatment, drug
administration, and tissue engineering, photoluminescent materials have garnered
considerable interest in biomedical and biological domains in recent years. In
biomedical applications, conventional fluorescent biomaterials include inorganic
quantum dots, rare earth-based nanoparticles, fluorescent dyes, and proteins, all
of which have disadvantages.[126] Quantum dots, for instance, posed significant
toxicity issues due to the possibility of hazardous ions leakage. Due to the
nonbiodegradable nature of rare earth nanoparticles, it is quite simple for them to
accumulate in vivo, which may result in long-term toxicity.
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Fluorescent dyes are quite widespread in biological research; however, they are
often rarely utilized in vivo due to their low photostability and cytotoxicity.
Biocompatible fluorescent proteins often suffer from photobleaching, poor
guantum vyield, and high price. In recent times, fluorescent molecules and
nanocrystals encased polymers have been created to address these issues using
various fluorescent materials. Consequently, there is an immediate requirement
for novel biomaterials that are robust, biodegradable, biocompatible, and
photostable. There were fabricated two kinds of biodegradable and biocompatible
luminescent polymers poly(silicon-citrates) (PSC) and crosslinked PSC (CPSC)
with inherent photoluminescence and improved mechanical qualities. PSC and
CPSC have significant potential as nanoparticles for bioimaging and drug
delivery, and as tissue regeneration implants for fluorescence tracking.[127]

Coincidentally, self-fluorescent polymers are attractive options for addressing
these issues. In contrast to fluorescence polymers, self-fluorescent polymers are
formed by covalently attaching fluorescence chromophores or fluorescence dyes
to polymer backbones to impart fluorescence features, rather than loading them
through non-fluorescent polymer-carriers.[128] Self-fluorescent polymers have
gained increased interest in recent years because they more precisely expose the
intrinsic fluorescence of polymer backbones. Numerous self-fluorescent
polymers have been produced by combining fluorescent molecules with
conjugated polymer backbones or heteroatom-containing chromophores.[129]

The first integration technique is a well-established method for producing self-
fluorescent polymers. Rhodamine, for instance, is a standard fluorescent pigment
that may be covalently linked to polymer chains or contained inside polymer
structures.[130] Likewise, various innovative and visually appealing fluorescent
dyes, including tetraphenylene (TPE) with aggregation-induced emission (AIE)
activity, hexaphenylsilole (HPS), distyrylanthracene (DSA), and visible-near-
infrared luminescence, are being produced as fluorescent probes. [131] Self-
fluorescent polymers may be readily synthesized using these fluorescent dyes by
incorporating them into the polymer’'s main chain, side chain, or star structure.
[132]

Due to the synthesis of heteroatom-containing chromophores with distinctive
fluorescence emission characteristics, the second integration approach is an
innovative way of producing self-fluorescent polymers. On the basis of these
factors, numerous poly(amine-esters) containing nitrogen, polysiloxane carrying
silicon, and polyester containing oxygen have been produced that generate blue
fluorescence for biological imaging.[133] Furthermore, the flexible polymer
topology may be used to enhance the design by including novel self-fluorescent
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polymers that exhibit more diversified fluorescence emission capabilities.
Numerous investigations have shown that a hyperbranched poly(amine ester) in
solution has a greater fluorescence quantum yield than a linear poly(amine-
ester).[134]Due to the enormous potential of self-fluorescent polymers for in vitro
and in vivo fluorescence bioimaging, it is critical to developing self-fluorescent
polymers that are highly biocompatible and low in cytotoxicity. [129][135]

o X Y-

Main-chain/side-chain Hyperbranched Star-type Polymer Fluorescence
Polymer Polymer Bioimaging

-.-.- ‘ ‘ ‘ l’ N ) vl 5,_\‘1 ,’ ﬁ? \

Conjugated polymer  Fluorescence dyes

Conventional fluorescence chromophores Nonconventional fluorescence chromophores

Figure 30. Representation of fluorescent polymers for bioimaging . Taken from
reference.[129]
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4 Discussion

The application of diverse luminescent polymers offers considerable
Improvements in the possibilities that industry and academic investigations for
these types of luminescent materials. Luminescence occurs when electrons that
are in an excited state, shift to different energy levels, where those transitions can
result in either relaxation paths, in radiative decay which present luminescence
and also in non-radiative path without the presence of luminescence.[6]

There are different viewpoints about the uses and implementation of
luminescent polymers nowadays, in real world applications and theoretical
investigations for future development. Ban in 2021,[129] proposed that
luminescent polymers containing various fluorescent chromophores (which are
the chemical group that gives a molecule its color) have garnered substantial
interest in the area of fluorescence bioimaging, due to their customizable
topologies and compositions. In this manner, achieving bioimaging is feasible for
nowadays applications.

Du and collaborators,[127] in 2016 fabricated two kinds of luminescent-organic-
inorganic polymers. The first one: poly(silicon-citrates) (PSC) and the second
one crosslinked PSC (CPSC). The findings established that not only do PSC and
CPSC display intrinsic photoluminescence and good biocompatibility, and they
even have the enormous capability for in vivo biological imaging.

Meanwhile in the other hand, Shen in 2011,[125] suggested that polymer
coating layers made for quantum dots (QDs), ought to be sufficiently strong to
avert harmful metals from being released from QDs during in vivo implantation.
Also in studies by Derfus et al., in 2004,[126] and Tan et al., in 2010 [135] is
evident the concern of further investigation about the potential cytotoxicity that
means to have polymer quantum dots inside a living being, because that
cytotoxicity has received little investigation and understanding. At last, even
though the polymer layers implemented around QDs enhance the firmness, thus
diminishing the harmfulness of them, it is necessary to find a way that polymer-
QDs do not remain an extended period of time. A potential concern is how to
eliminate polymer quantum dots from a living organism, after having fulfilled
their function of bioimaging which complicates substantially the employment of
these compounds in further applications.
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5 Conclusion

This thesis review covers two main sections. Prior to the theoretical
background, a short introduction about polymer concepts, where it is enunciated
that they are the conjunction of several units of monomers in one whole integrated
chain, that they all bound together to form a polymer.

The first section corresponds to the theoretical background, which details
how luminescence occurs, and the classification of the different types of
luminescence present in the different materials. The process of luminescence
consists in the transition of excited state electrons between different energy
levels.

In the sub-classification of luminescence, referring to photoluminescence,
there are two main types: fluorescence and phosphorescence. The relationship
between these two sub-classifications can be observed in a Jablonski diagram.
The diagram representation shows that fluorescence occurs from the emission of
the single excited state owing to light absorption. Moreover, on the other hand
phosphorescence is the yielding emission from the triplet excited state after an
intersystem crossover. Another relation that can be identified between types of
luminescence is related to substances that are heated versus substances that are
not heated. From that, it is possible to differentiate luminescence from
Incandescence. Luminescence can occur due to reactions that do not involve
heating, and incandescence would be the opposite. It is presumed that the use of
luminescent materials is favorable in terms of energy saving. Since, for example,
in the case of fluorescent lights consume less energy than incandescent bulbs
since they do not have to use heat for their light emission.

Another contrasting distinction that can be discussed in the types of
luminescence is the difference that is present between fluorescence and
phosphorescence. The main difference that occurs in both this luminescent
process is that in fluorescence, the energized electrons produce photons of light
instantaneously, and afterward, the electrons restore to their original level.
Therefore, this requirement of incoming a source of illumination to produce
fluorescence in a material is a limitation for the uses and applications that industry
can use in novel materials or products because if no source of light is applied, no
more light will be emitted. Thus, there will be no change, or it will be a passive
product or material without further potential application in the matter of
luminescence. On the other hand, there is phosphorescence, where materials that
exhibit phosphorescence have the ability to absorb and store energy, which is then
released as radiation for an extended period of time.
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For this reason, phosphorescent pigments have been applied in industrial uses.
Further investigation is needed to develop pigments that could be longer lasting
than the current ones.

The second section of the present work contains the literature review of
luminescent polymers per se. Where different luminescence mechanisms are
present for the various types of uses and applications that luminescent polymers
can be applied on.

Aggregation-induced emission effect (AIE) is the precise opposite
mechanism of the aggregation-caused quenching effect (ACQE). In concentrated
liquids and in the solid phase, luminescent molecules have an innate
predisposition for aggregation formation; to take advantage of the nature of these
luminous molecules, some luminogens structures that present (AIE) have been
created. With these molecules, it is intended that when a substance becomes
aggregated, its luminous properties are enhanced. For instance, a great example
of luminogens used for this intention is hexaphenylsilole (HPS). This
characteristic of controllable ‘turn on’ by using AIE luminogens can lead to
developing materials with potential for industry and real-world uses.

The major benefit of aggregation-induced emission luminogens over
conventional aggregation-caused quenching fluorophores is the very efficient
radiative transition in the aggregate state for practical implementations.
Regardless of the remarkable success of aggregation-induced emission
luminogens in basic research and practical applications, they nonetheless
encounter obstacles. For instance, the emission characteristic of aggregation-
induced emission luminogens is the most distinguishing property. When AlEgens
are randomly packed, broad emission is often seen because the torsional structure
and varying conformation might provide AlEgens with high energy levels,
impacting the color accuracy of OLEDs.

In summary, this review provides a comprehensive and thorough
examination of luminescent polymers that can be used in present times and
future time technologies around the world. Finally, an improvement to this work
will consist of analyzing and contrasting studies that allow us to distinguish in a
better way the disadvantages of some mechanisms that luminescent polymers
present, such as in AlE, in order to develop better technology, for example, in
the field of OLEDs.
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Abbreviations

PE Polyethylene

PP Polypropylene

PVC Polyvinyl chloride

PL Photoluminescence

EL Electroluminescence

ITO Indium tin oxide

CL Cathodoluminescence

TL Triboluminescence

NLPs Non-conjugated luminescent polymers
TPP Tripolyphosphate

MOFs metal-organic frameworks
CPs coordination polymers
PAMAM Poly(amido amine)
ACQ Aggregation-caused quenching
AIE Aggregation-induced emission
THF tetrahydrofuran

HPS Hexaphenylsilole

C-EE crosslink-enhanced emission
QY quantum yield

PEI Polyethyleneimine

LED light-emitting diode

LCD Liquid Cristal Display

TPE tetraphenylene

DSA distyrylanthracene
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