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Abstract: In this tutorial review, we intend to provide the reader with a comprehensive introduction 
to the photophysical properties of organic compounds with a specific focus on anthracene and its 
derivatives. Anthracene-based building blocks have attracted the attention of chemists due to their 
intrinsic luminescent properties. A deep understanding of their interaction with light, including the 
mechanisms of emission (luminescence, i.e., fluorescence or phosphorescence) and quenching, is 
crucial to design and generate compounds with precise properties for further applications. Thus, 
the photophysical properties of different types of aggregates, both in the ground state (J- and H-
type) and in the exited state (e.g., excimer, exciplex) will be discussed, finishing with a few examples 
of dyads and triads. 
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1. Introduction 

1.1. Light 
Light is based on electromagnetic waves having defined wavelength and frequency. 

[1] The electromagnetic wave (just as the name states) is composed of electric and mag-
netic oscillation fields that are perpendicular to each other (Figure 1).  

 
Figure 1. Electric and magnetic properties of polarized light shown on behalf of linearly polarized 
light at a given time point. 

All types of light (e.g., gamma, UV, visible, IR) have the same nature, but what dif-
ferentiates them is their wavelength and frequency. Some of them are higher energy and 
shorter wavelengths (e.g., gamma rays), while others are lower energy and possess longer 
wavelengths (e.g., infrared). The energy of light is inversely proportional to its wave-
length: if the wavelength increases, the energy decreases and vice versa (Equation (1)).  

𝐸𝐸 = energy of light, ℎ = Planck’s constant 6.625 × 10−34 Js, 𝑐𝑐 = speed of light 2.998 × 
108 m/s, λ = wavelength. 
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Undisputedly, light is one of the most important phenomena for all living species on 
earth, mainly because it provides the energy needed for living species to function. Thus, 
green plants use sunlight to synthesize sugars via the process of photosynthesis (Figure 
2), while the produced sugars in turn are used by living organisms.  

 
Figure 2. Photosynthesis reaction. 

Photosynthesis, apart from producing carbohydrates, further helps balance the 
amount of carbon dioxide and oxygen as it uses the carbon dioxide (respiratory byproduct 
of living organisms) to release oxygen. The reaction is possible thanks to the chlorophyll 
found in green plants, capable of harvesting the light and converting it into chemical en-
ergy (carbohydrate) while transforming carbon dioxide in the presence of water to carbo-
hydrates (sugar) and oxygen [2].  

Another important feature of light is that it helps living beings to see and differentiate 
between objects due to their different absorptions, a topic that is going to be explained in 
more detail below. The main source of light for many years was the Sun, giving a wide 
range of radiation (herein wavelength λ nm), which can also be used to perform photo-
chemical reactions as stated by Ciamician in 1912 [3]. While the human eye is able to detect 
only a small part of the entire spectral range, mainly from 380 to 780 nm, the rest of the 
radiation requires special techniques for its detection (Figure 3).  

 
Figure 3. Region of light in the electromagnetic spectrum with a zoom on the visible region. 

Light Sources 
We can differentiate two types of light sources: natural (created by nature, animals) 

and artificial (created by humans). Some of them are listed below (Figure 4). 
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(a) Jellyfish (b) Storm electricity (c) Sun (d) Firefly 

 
(e) Fire (f) Light bulb (g) Firestick (h) Laser 

Figure 4. Light source picture: natural above, artificial below. 

1.2. Interaction of Light with Matter 
1.2.1. Absorption 

Absorbance, also known as optical density, refers to the light absorbed by matter, 
whether it is gas, liquid, or sold. The absorbance corresponds to the logarithm of the ratio 
between the intensity of light before entering the matter (solid, gas, liquid) (𝐼𝐼0) and the 
intensity of light after passing through that medium (𝐼𝐼𝑠𝑠) (Equation (2)). 

𝐴𝐴 = 𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼0
𝐼𝐼𝑠𝑠

  (2) 

However, there are other physical processes that can contribute to minimizing the 
light intensity while light is passing through a specific medium, such as reflection or scat-
tering. Thus, the measurement of the outgoing light intensity does not only show the ab-
sorbance, but it measures the attenuation caused by all these processes together. Different 
chromophores have different capabilities of absorbing light. The capability of absorbing 
light by a chromophore material is known as its extinction coefficient (ԑ), and it can easily 
be determined through the Lambert-Beer law by measuring the absorbance (𝐴𝐴) of a solu-
tion of the compound with a known concentration (𝑐𝑐) in a cell with a known width (l) 
(Equation (3)). 

𝐴𝐴 = 𝜀𝜀 ∙ 𝑙𝑙 ∙ 𝑐𝑐 (3) 

1.2.2. Matter 
Matter is any material (gas, liquid, solid) that takes up space (volume) and has mass. 

It is composed of atoms as the smallest constituent. While matter is composed of atoms, 
the latter is composed of protons, neutrons, and electrons. Protons are positively charged, 
influencing the electronic configuration of the atoms, and define the atomic number. Neu-
trons, on the other hand, do not affect the electronic configuration because they are charge-
less. However, atoms that differ in neutron number are called isotopes, e.g., carbon has 
three naturally occurring isotopes, 12C, 13C, and 14C. In the first case, the carbon atom has 
six protons and six neutrons given a total mass number of 12 ( 𝐶𝐶612 ); in the second case, it 
has six protons and seven neutrons given a mass number of 13 ( 𝐶𝐶)6

13  whereas in the latter 
case, it has eight neutrons and six protons given a mass number of 14 ( 𝐶𝐶)6

14 . Contrary to 
positively charged protons, electrons are negatively charged, being responsible for nu-
merous physical phenomena, such as: magnetism (since it has a spin), electricity (because 



Photochem 2023, 3 230 
 

 

it is a charge species), and chemistry (responsible for bond formation, thus influencing 
physical and chemical properties). The space around the nucleus where an electron is 
found with high probability is often called the orbital (Figure 5). 

electron

nucleus

proton

neutron

orbital

 
Figure 5. Atomic structure. 

When two atoms come close in proximity under proper condition (right orbital ge-
ometry, temperature, pressure, etc.), their orbitals will overlap (by sharing their electrons) 
with each other to form a new molecule. The newly formed molecules, on the other hand, 
have two new molecular orbitals: the highest occupied molecular orbital (HOMO) bond-
ing, fully occupied, and the lowest unoccupied molecular orbital (LUMO) antibonding 
and empty orbitals. Such an example is the formation of a π-π bonding by the overlap of 
two π orbitals of two carbon atoms (Figure 6). 

bonding, p

antibonding, p*

En
er

gy

= electron

= p orbital

 
Figure 6. π orbitals in a typical π bonding (bonding and antibonding *). 

1.2.3. Electronic Transitions 
Electronic transitions happen when matter absorbs or emits light. We already learned 

that the atom is the smallest constituent of matter and that it possesses at least one electron 
in its atomic orbitals. Thus, in principle, everything can interact with light. Excitation of 
such compounds with a proper wavelength will cause an electron transition from the 
ground state (bonding orbital) to the excited state (antibonding orbital). Depending on the 
type of light and the chemical composition, all possible electronic transitions that typically 
can occur when a compound absorbs light are depicted in (Figure 7). 
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Figure 7. Most common electronic transitions (n, π, σ). 

Singlet and triplet excited states are commonly used terms to describe these (pro-
cesses) transitions as they are more informative. In the singlet excited state (antibonding 
orbital), the electron is still antiparallel after excitation, whereas in the tripled excited state, 
the electron is parallel due to the spin flip (Figure 8).  
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Figure 8. Singlet and triplet excited state. 

Electron transition from HOMO to LUMO can be promoted by providing energy that 
matches the exact energy difference between the ground state and the final state (Figure 
8). Typical electronic transitions are these involving n, π, σ, d-d, and ligand-to-metal or 
metal-to-ligand charge transfer transition (LMCT, MLCT). However, traditional benchtop 
UV–VIS spectrometers with wavelengths of 200–800 nm can only observe n-π*, π-π*, d-d, 
and charge transfer electronic transitions. This is because the wavelength that is provided 
by these analytical techniques is not sufficient to promote σ-σ* electronic transitions, 
which require a lot more energy to lift an electron from the ground state to the exited state 
(Figure 7). The n-π* transition occurs in the compounds containing hetero atoms, e.g., 
amines or carbonyl compounds, which contain nonbonding electrons. Because the energy 
gap between these two different energy states is promoted compared with the other ones, 
e.g., sigma (σ), the energy required to trigger this transition is rather low. Therefore, in a 
typical UV absorption spectrum, the absorption band appears at higher wavelength. The 
π-π* transition, on the other hand, is found in compounds containing double (carbonyl 
groups, double bonds) or triple bonds, and because the energy gap between these two 
states is larger than for n-π*, the UV absorption band appears at lower wavelength. Such 
transitions are observed in the case of benzophenone, which contains both types of elec-
trons, thanks to the carbonyl functional group (Figure 9).  



Photochem 2023, 3 232 
 

 

 
Figure 9. Absorption spectrum of benzophenone in ethanol (dotted line) and in cyclohexane (solid 
line) Reprinted adapted with permission from Ref. [4]. Copyright 2008, Elsevier. 

However, this is not true for all compounds because conjugation capabilities between 
different compounds containing double bonds lead to different absorption bands. Such 
an example is depicted in Figure 10. As the conjugation increases from naphthalene to 
anthracene and tetracene, the absorbance spectrum shifts to higher wavelength, with te-
tracene absorbing at around λ = 400–500 nm. This is caused mainly because in tetracene, 
there are four phenyl rings fully conjugated. Thus, tetracene is a colored compound with 
a characteristic number of absorption bands (four).  

 
Figure 10. UV–VIS absorption spectrum of different conjugated systems “Adapted with permis-
sion from [5,6], Copyright 2023, Jones, R.N.”. 

In contrast to the first two examples, the energy gap between σ-σ* is large as it in-
volves compounds having only sp3 C–H; thus this excitation requires wavelengths in the 
far UV region, and this type of transition usually is not observed in UV–VIS [7], as shown 
for cyclohexane (Figure 11).  
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Figure 11. UV–VIS spectrum of cyclohexan. “Reprinted with permission from Ref. [8]. Copyright 
2019, Elsevier” 

Charge transfer (CT) and d-d transitions are usually found in inorganic compounds 
since they typically contain metal ions, which, in combination with ligands, sometimes 
allow such transition to occur [9]. The d-d transition usually is observed from transition 
metal ions’ complexes when one electron from a lower d orbital energy state is promoted 
and jumps to another d orbital of higher energy state; however, this transition is forbidden 
by the Laporte rule [10]. This rule is mainly applied for those compounds that possess 
centrosymmetric point symmetry. It states that all transitions that conserve parity during 
the electronic transition either going from p-p or d-d are forbidden, but s-p and p-d are 
allowed. However, if the centrosymmetry is disturbed, the Laporte rule can be overcome, 
and the transition can take place (Figure 12).  

 
Figure 12. Geometry influence in Laporte selection rule. 

While in the d-d transition, an electron transfer from a lower energy d orbital occurs 
to another d-orbital of higher energy, in the case of charge transfer in either MLCT or 
LMCT, the electron transition occurs from the metal to the ligand and vice versa, where 
one of them is capable of donating electrons and the other one is capable of accepting that 
electron. Such examples are usually met in the case of metal–ligand complexes.  

All transition necessitates the absorption of a photon in a first step, and the resulting 
excited compound (very reactive species) can afterward experience a photochemical reac-
tion, leading to a new product, or can go back to the ground state via fluorescence or 
phosphorescence emission. However, there are some restrictions during these processes 
because some of these transitions are allowed while others are not, according to the selec-
tion rules: any transition that implies that the reaction entropy is not zero (∆S ≠ 0) is 
strongly forbidden. A typical example is the absorption of a photon from a chromophore, 
which indeed leads almost always to the formation of the singlet excited state (allowed 
transition) and not the triplet excited state (forbidden transition). This is because, in the 
first case, the transition occurs between states of the same multiplicity (S0 + νh→S1), 



Photochem 2023, 3 234 
 

 

whereas in the latter, it occurs with a different multiplicity (S0 + νh→T1), which otherwise 
would involve change in the spin state (Figure 13). 
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Figure 13. Spin selection rule ∆S = 0. 

1.2.4. Emission 

Jablonski Diagram 
All photochemical processes including photochemical reactions, fluorescence, phos-

phorescence, and other processes related can be represented in a Jablonski diagram as 
shown in Figure 14. For any of these phenomena to occur, a photon having the exact en-
ergy needed to transfer an electron from the ground state to the excited state must be 
absorbed.  
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Figure 14. Jablonski diagram. 

∆E is the energy difference between the two states, ʋ is the frequency of the photon 
absorbed, h is Planck’s constant (6.62 × 10−34 J s), and λ is the wavelength (Equation (4)).  

∆𝐸𝐸 = ℎ𝑣𝑣, 𝑣𝑣 =  𝑐𝑐
𝜆𝜆
    (4) 

The absorption of the photon can provoke a change in the electronic distribution of 
matter, thus changing the reactivity and therefore leading to either a photochemical reac-
tion, fluorescence, or phosphorescence emission. According to Kasha’s rule, fluorescence 
always occurs from the lowest singlet excited state (S1). However, excitation usually takes 
place to higher energy levels than S1 (e.g., S2, S3…Sn). In addition, each excited state usually 
is associated with the access of vibrational energy (v) (e.g., v = 0, 1, 2…n), which relaxes 
quickly (time scale 10−13 to 10−9 s in the condensed phase) to v = 0 as heat. It can also un-
dergo fast internal conversion (IC) S2–S1, within 10−9 to 10−7 s. From this point, it can go 
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back to the ground state in four possible ways: (a) via a chemical reaction giving new 
products, (b) by emission of the absorbed photon (fluorescence), (c) by intersystem cross-
ing (ISC) through the change of spin to reach the triplet excited state (T1), and (d) by in-
ternal conversion (IC) by heat emission, which further can lead to photochemical reaction 
or phosphorescence (Figure 14) [11]. Fluorescence and phosphorescence phenomena will 
be explained below in more detail. 

Fluorescence 
The fluorescence process, as depicted in the Jablonski diagram (Figure 15), consists 

in the absorption of a photon with minimum energy by a chromophore [12] to bring an 
electron to an excited state. The emission of light (photon) then occurs from the lowest 
singlet excited state. The emitting light has thus a longer wavelength and therefore lower 
energy than the absorbed wavelength because some of its energy is lost during the pro-
cesses of vibrational relaxation and internal conversion, which in turn are much faster 
than the fluorescent emission (Figure 15).  
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Figure 15. Simplified Jablonski diagram for fluorescence. 

One of the most appealing examples of fluorescence is when the absorption process 
occurs in the UV, invisible region for the human eye, and emits in the visible region. Since 
its discovery, fluorescence, due to its intrinsic properties and easy detection, has been used 
to detect optical properties and found widespread applications in light-emitting diodes 
(LEDs) [13–15], chemical sensors [16–18] for toxic compounds [19–22], nitro derivatives, 
herbicides [23–29], and medicine [30–34]. 

Quenching Mechanism 
Quenching of fluorescence is the decrease of the fluorescence intensity as a function 

of the fluorophore’s (donor) interaction from either the ground or the excited state, with  
its surroundings, e.g., the solvent or a specific quencher molecule (good quenching 

properties are complex formation through hydrogen bonds (donor/acceptor), π-π inter-
actions, high reduction potentials). For instance, the heavy atom effect [35,36] (spin–orbit 
coupling, where the electron spin is affected due to the orbital motion of electrons and the 
electrostatic field of the positively charged nucleus; therefore, the heavier the atom is, the 
more electrons there are and thus the more the electron spin is affected) is a well-known 
process for fluorescence quenching [37] due to the facilitation of intersystem crossing. The 
Jablonski diagram (Figure 14) explains all possible phenomena that can occur after the 
process of light absorption from a chromophore to generate the excited state from which 
the emission can occur, from either the singlet excited state or the triplet state. Thus, the 
emission of fluorescence in principle can be quenched either from the ground state by 
forming a complex with another molecule, which would modify its photophysical prop-
erties, or from the excited state by performing a photochemical reaction, or via energy 
transfer, e.g., via (FRET) Förster resonance energy transfer and (DET) Dexter energy trans-
fer, and via collision. However, all these possible quenching processes can be grouped 
into dynamic and static quenching.  
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Dynamic quenching occurs when an excited molecule (donor) collides or is in prox-
imity to an acceptor molecule, and hence, electron transfer becomes possible. It was 
Förster [38] in 1951 who proposed the electron transfer mechanism as one of the possible 
ways of quenching (Scheme 1, left). According to him, due to charge oscillations, the donor 
and acceptor can be affected if they are in close proximity (~10 nm) in order to transfer 
one electron from the single excited state of the donor to an excited state, which has to be 
lower in energy, of the acceptor (Scheme 1). However, for this process to occur, there 
should be an overlap between the emission of the donor and the absorption of the acceptor 
molecule.  
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Scheme 1. Quenching mechanism of fluorescence using a Jablonski diagram. Forster (left) [39], Dex-
ter (middle), and the right overlap between the emission and absorption (right) “Adapted with per-
mission from Ref [40], Copyright 2011, Elsevier”. 

Two years later in 1953, Dexter [41] proposed another mechanism for luminescence 
quenching. The quenching process can occur when the donor and the acceptor are at a ca. 
10 Å distance from each other, sufficient for an overlap of their orbitals. This will auto-
matically lead to an electron transfer from the excited state of the donor to the LUMO of 
the acceptor, and at the same time, an electron moves from the HOMO of the acceptor to 
the HOMO of the donor (Scheme 1, center). Participation of excimers (see page 21) in the 
quenching mechanism was discussed by Weller (1969) [42], and Watkins (1974) a few years 
later [43]. 

In contrast to dynamic quenching, static quenching occurs when the fluorophore and 
the quencher form a complex [44] via π-π interaction, hydrogen bonding, or a chemical 
reaction in the ground state, therefore changing the photophysical properties of the fluo-
rescent fluorophore to nonfluorescent. Such a process is also observed in the formation of 
dimers, such as in the case of pure anthracene (see photodimerization in Section 1.3.1).  

Both static and dynamic quenching processes depend on the temperature, but follow 
different laws, allowing us to distinguish between them. Thus, dynamic quenching in-
creases as the temperature increases. This is obvious since the process is based on the col-
lisions between molecules, and the higher the temperature, the more intermolecular inter-
actions. In static quenching, the quenching decreases as the temperature increases since 
the quencher and fluorophore are poorly bound to each other, and this interaction is weak-
ened as the solution is heated. In addition, during the static quenching, the fluorescence 
lifetime remains the same (compared with unquenched system) because the quenching 
process occurs in the ground state, not in the excited state. 

1.2.5. Stern–Volmer Relationship 
Intermolecular quenching of luminescence (fluorescence/phosphorescence in the 

presence of another molecule, here called quencher, Q) is a well-known process. In addi-
tion, it is known that the quenching process, depending on the type of fluorophore and 
the quencher, can be static or dynamic. Therefore, whether it is one or the other taking 
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place in a particular system, it can be easily found out by using the Stern–Volmer relation-
ship [45] (Equation (5)).  

 𝐹𝐹0
𝐹𝐹

  = 1 + 𝐾𝐾𝑞𝑞 𝜏𝜏0 ∙ [𝑄𝑄] ,        𝐹𝐹0
𝐹𝐹

  = 1 + 𝐾𝐾𝑠𝑠 ∙ [𝑄𝑄] (5) 

F0 is the fluorescence intensity in the absence of the quencher, F is the fluorescent 
intensity in the presence of the quencher, Q is the quencher concentration, τ is the lifetime 
of fluorescence in the presence of the quencher, τ0 is the lifetime in the absence of the 
quencher, Kq is the quenching rate coefficient, and Ks is the association constant.  

The Stern–Volmer relationship allows for investigating intermolecular deactivation 
by exploring the kinetic of deactivation. Since the static and dynamic quenching act with 
different mechanisms and thus different kinetic, the Stern–Volmer relationship allows for 
studying and differentiating between the two. This process can be represented as simpli-
fied in (Equation (6)),  

with M being the ground state fluorophore, M* the excited fluorophore, Q the quencher, 
and Q* the excited quencher. Intermolecular quenching in the dynamic mode diminishes 
both the emission intensity and the lifetime of the fluorescent species. Therefore, the terms 
F0
𝐹𝐹

 and 𝜏𝜏0
𝜏𝜏

 against the concentration of the quencher follow the same trend (Figure 16a). 
However, with static quenching, because of the quencher and the fluorophore complex in 
the ground state, the number of potential fluorescent species decreases, thus only decreas-
ing the emission intensity without changing the lifetime of the emission; hence the term 
𝜏𝜏0
𝜏𝜏

 is independent of the concentration of the quencher. 
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Figure 16. Stern–Volmer graph for dynamic (a) and static (b) quenching. 

Phosphorescence 
Phosphorescence is another type of photoluminescence process, consisting in the ab-

sorption of light by a chromophore like for fluorescence, but it differs from the latter in its 
emission process: in fluorescence, emission occurs from the lowest singlet excited state, 
whereas in phosphorescence, emission occurs from the lowest triplet excited state (Figure 
17).  
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Figure 17. Simplified Jablonski diagram for phosphorescence. 

 𝑀𝑀∗ +𝑄𝑄 →𝑀𝑀+𝑄𝑄    or    𝑀𝑀∗ +𝑄𝑄 →𝑀𝑀+𝑄𝑄∗             (6) 
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Due to the spin forbidden nature of the emission process, the emission itself is much 
slower during phosphorescence and can proceed within minutes or up to a few hours 
[46,47]. An example of long-lasting phosphorescence emission (up to few hours) based on 
strontium aluminate materials (SrAl2O4:Eu:Dy) was reported by the group of Zitoun, Ber-
naud, et al. [48] in 2009.  

1.3. Anthracene and Its Derivatives 
Anthracene is one of the simplest polycyclic aromatic hydrocarbon compounds de-

rived from coal tar (1.5% anthracenes) as the main source. Anthracene belongs to the fam-
ily of polycyclic aromatic hydrocarbons (PAHs), a class of organic compounds containing 
multiple aromatic rings [49]. It is composed of three fused benzene rings and is an exam-
ple of an organic compound acting as a metal-free triplet photosensitizer. A photosensi-
tizer, on the other hand, is a chemical entity capable of harvesting light (energy) and trans-
ferring it to its surroundings (molecules), which otherwise could not absorb at this wave-
length. This class of organic compounds is particularly attractive for dye-sensitized solar 
cells [50,51], semiconductors, OLED [52], or lasers [53]. The heavy-metal-free triplet pho-
tosensitizer properties of anthracene lie in the fact that the energy levels of the singlet 
excited state (S1) and of the triplet excited state (T2) are in close proximity (Scheme 2, left), 
allowing for efficient (up to 70%) intersystem crossing (ISC) [54,55]. However, substitution 
of anthracene 1 in positions 9 and 10 with phenyl groups as in 2 (diphenylanthracene) [56] 
prevents π-π stacking and inhibits intersystem crossing simply due to noncoplanar phe-
nyl groups to the anthracene moiety, which ultimately leads to a difference in the singlet 
and tripled excited states, resulting in a preferred fluorescence rather than phosphores-
cence emission (Scheme 2, right) [57]. In addition to the favorable energy (small) difference 
between (S1) and (T1) on anthracene moiety, the close proximity effect during the π-π 
stacking is another factor that favors ISC, suppressing one of the two preventing it. 
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Scheme 2. Mechanism of intersystem crossing, anthracene (left), and diphenylanthracene (right) 
“Adapted with permission from Ref. [57]. Copyright 2021, American Chemical Society”. 

Due to its rigid, planar, electron-rich, and fully conjugated structure, the anthracene 
compound is known to react via: (i) Diels–Alder [4 + 4] and [4 + 2] cycloadditions, forming 
the dimer 3 and the peroxide 6 [58], in the presence of another anthracene molecule or 
singlet oxygen, respectively; (ii) electrophilic substitution to obtain 4 [59], and (iii) oxida-
tion [60] to the anthraquinone 5 (Scheme 3). 
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Scheme 3. Anthracene reactions; [4 + 4] (photodimerization), [4 + 2] cycloaddition, electrophilic sub-
stitution, and oxidation in positions 9, 10. 

Such very diverse reactions of anthracene are of high importance in chemistry. The 
electrophilic substitution allows the synthesis of many different derivatives (e.g., halides, 
4), which can further be used as precursors for synthesis of desired anthracene derivatives 
using cross-coupling reactions (e.g., Suzuki cross coupling). Of the same importance is the 
oxidation to the anthraquinone 5, where the two carbonyl groups would allow for further 
functionalizing the anthracene core simply by nucleophilic addition, followed by reduc-
tive aromatization [61,62]. Bulky substituted anthracene derivatives suppress inter- and 
intramolecular interactions due to steric hindrance, consequently enhancing the fluores-
cence emission. Nevertheless, they can still react with compounds reasonably small, such 
as with singlet oxygen to generate nonfluorescent endoperoxide compounds 8 as possible 
oxygen storages [63] (Scheme 4) [64]. 
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Scheme 4. Oxygenation of dipyridylanthracenes and reconversion of the aromatic endoperoxides 
(EPOs “Adapted with permission from Ref. [64]. Copyright 2017, American Chemical Society”.   

The reaction of anthracene derivatives with singlet oxygen is of high importance as 
oxygen is very abundant in air and solubilized in almost all solvents. Thus, when using 
anthracene-based sensors, for sensing, one needs to work in oxygen-free solvents to avoid 
misleading results.  

1.3.1. Photodimerization  
The photochemical dimerization of anthracene and its derivatives upon exposure to 

UV light is known since 1867 when Fritzsche isolated the dimer product of anthracene 
irradiated in benzene solution [65].  

Dimerization of anthracene and its derivatives occurs via [4 + 4] photocycloaddition 
reaction, otherwise thermally forbidden due to the symmetry rules. The reaction involves 
absorption of a photon from the anthracene monomer in the ground state (S0), bringing it 
to the singlet (S1) or triplet (T1) excited state. The excitation induces a change in the HOMO 
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orbital symmetry of the excited anthracene monomer, which is like the LUMO orbital 
symmetry of the other anthracene monomer in the ground state, allowing them to form 
an exciplex (excited complex of two species), which then ultimately leads to the formation 
of the dimer 3 (out of several possible isomers) due to the formation of four benzene rings 
(and hence the thermodynamically more stable state). Subjecting 3 to thermal conditions 
leads to quantitative formation of the anthracene 1 (retro Diels–Alder reaction), possibly 
taking advantage of the strained bridge bonds (Figure 18). Furthermore, the reduced con-
jugation system in the dimer (ortho-disubstituted benzene) makes it absorb much less 
light than anthracene (Figure 19).  

υh

∆

12
3 4

1'2'

3' 4'
1 3  

Figure 18. Anthracene photodimerization “Adapted with permission from Ref. [65]. Copyright 
1867, Verlag GmbH & Co. KGaA, Weinheim”. 

 
Figure 19. Comparative UV spectra of 1 (4 × 10−6 M) and 3 (5 × 10−5 M) as solutions in CH3CN “Re-
printed with permission from Ref. [66]. Copyright 1955, American Chemical Society”. 

Over the years, many publications have been reported on the dimerization of anthra-
cene derivatives bearing different substitutions in different positions. To give further 
chemical evidence for such dimerization reaction of anthracene, Greene et al. in 1955 re-
ported the synthesis of 9-substituted (9a–9c) anthracene derivatives with different func-
tional groups (formyl, carbomethoxy, hydroxymethyl) (Figure 20) [67]. 
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Figure 20. Photodimerization of anthracene “Adapted with permission from Ref. [67]. Copyright 
2019, Wiley-VCH Verlag GmbH & Co. KGaA”. 
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During their work, it was found that the solvents (benzene, chloroform, acetic acid, 
and ethanol) did not influence the rate of dimerization, which was roughly equal. How-
ever, the presence of different substituents in position 9 considerably increased the rate of 
dimerization, with the rate increasing going from 9-methoxycarbonyl (-CHO, a), 9-formyl 
(-CH2OH, b), and 9-carboethoxy (-COOC2H5, c) proceeding smoothly. 

Mechanism of Photodimerization 
The mechanism of photodimerization has been extensively studied both in solution 

[67–70] and in the crystalline form [71]. Greene et al. observed that the ease of the dimeri-
zation reaction was roughly the same for several organic solvents. Furthermore, the prod-
uct isolated was found to be the head-to-head photodimerization product (Figure 20), 
clear evidence that the reaction proceeds via a radical process 12 and not through a peri-
cyclic intermediate 13 as an alternative mechanism (Figure 21).  

9'

9

9'

9

pericyclic intermediatediradical intermediate
1312

10

10'

 
Figure 21. (Left), diradical intermediate, no bonding between 10 and 10’ position; (right), pericyclic 
intermediate, partial bonding between meso position [69]. 

Reactions proceeding in a concerted manner through a cyclic geometry transition 
state are known as pericyclic reactions. Those involving a diradical intermediate are reac-
tions where in the first step a radical formation is induced by light and then the resulting 
diradicals can cyclize after combination to form the photochemical product. In case of an 
ionic mechanism, one would expect to obtain the head-to-tail products 11 through inter-
mediate 14 (Figure 22). 
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Figure 22. Possible ionic mechanism of anthracene dimerization “Adapted with permission from 
Ref. [67]. Copyright 1955, American Chemical Society”.   

1.3.2. Photophysical Properties 
Due to these versatile reactions and the intrinsic fluorescent properties, anthracene-

based compounds have attracted many researchers to synthesize and design different de-
rivatives to modify and improve their photophysical properties. In this chapter, we will 
briefly discuss the photophysical properties of different anthracene derivatives. 

We commence by discussing some interesting mechanofluorochromic properties of 
anthracene derivatives 15a–15b reported by Kusukawa et al. [72] (Scheme 5). 
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Scheme 5. Chemical structure of 1,8-diphenylanthracenes. 

Compounds that change their emission properties upon mechanical stress, e.g., 
grinding and pressing, are known as mechanochromic.  

Fluorophores capable of responding to mechanical stress, such as grinding or press-
ing, are interesting candidates for applications in sensors [73] and memory chips [74]. This 
response is caused mainly by the change in the conformation, π-π stacking, and degree of 
conjugation with a possible mechanism depicted in Scheme 6.  
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CH-π
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Scheme 6. Possible mechanism for the mechanofluorochromism of the 1,8-diphenylanthracene de-
rivatives, (a) twisting of phenyl groups, and (b) excimer formation after grinding. “Reprinted per-
mission from Ref. [72]. Copyright 2021, Elsevier B.V”. 

The changes caused after grinding are clearly observed in the emission spectrum in 
the case of compounds 15a and 15b bearing different substituents. In addition, in the first 
case, 15a, a partial self-recovery to a bluish emission, is observed (Figure 23a,b).  

 
Figure 23. Fluorescence spectra of different states excited at 365 nm, (a) 1b (R = CF3), (b) 1c (R = CN) 
Reprinted permission from Ref. [72]. Copyright 2021, Elsevier B.V.  
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In 2007, the group of Slugovc et al. [75] reported the influence of the hydroxy groups 
in the photophysical properties under the neutral and alkaline condition using ortho, meta, 
and para isomers of 16, 17, and 18 (Scheme 7). 
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Scheme 7. Synthesis of 9,10-bis(p-hydroxyphenyl)anthracene. 

Under neutral conditions, the ligand was fully protonated, and all three derivatives 
(16–18) showed a well-structured absorption spectrum like simple anthracene. In the 
deprotonated form at basic pH, the absorption spectrum was red-shifted and slightly 
broadened. While, for the absorption, no major change was observed between the three 
derivatives under different pH conditions (neutral, basic), a striking result was observed 
in the emission. A drastic decrease in intensity from a quantum yield of 80% in the proto-
nated form at neutral pH to only 1% in basic pH was observed for compound 17, which is 
attributed to drastic change of the electronic properties in the excited state (Figure 24). 

 
Figure 24. Absorption and emission spectra of 16 in MeOH. ■ Absorption of the protonated species, 
● absorption upon addition of NaOH, □ emission of the protonated species (λexc = 375 nm), and 〇 
emission upon addition of NaOH. Reprinted with permission from Ref. [75]. Copyright 2007, 
Springer-Verlag”. 

Another series of anthracene-based derivatives, this time with an alkyne moiety in-
corporated, was reported by the group of Wei et al. [76] in 2017 (Scheme 8).  

R RR

20 2119
19a: R = OMe, 19b: R = CHO

R

20a, 21a: R = H 20b, 21b: R = OMe  
Scheme 8. Anthracene derivatives 19, 20, and 21. 
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Just as expected, different substituents strongly affected their photophysical proper-
ties. 

Both absorption and the emission spectra for all three derivatives were investigated 
in dichloromethane as solvent. Going from compound 19 to 21, a red shift in the absorb-
ance is observed where the well-structured absorption spectrum in 19 is dissipated into 
two broader peaks in 20, which are even more obvious in 21. The bathochromic shift is 
mainly due to the increase in the conjugation system by adding either phenyl, which in-
creases the π system to some extent, or a coupled phenyl alkyne system, which increases 
it even more, confirming once again the influence of different types of substituents [77] in 
the absorption and emission properties (Figure 25A). The same difference is observed in 
the emission spectrum where all derivatives emit in the region of blue to bluish green. A 
more prominent difference in emission is found between compounds 19a and 19b, where, 
in addition, the large Stokes shift (113 nm) in compound 19b reveals the difference be-
tween the electronic ground and excited states of this compound, apparently due to the 
aldehyde electron withdrawing group, which expands the conjugation system, therefore 
lowering the HOMO–LUMO gap (Figure 25B). Photophysical properties for these com-
pounds are summarized in Table 1. 

 
Figure 25. Normalized UV–VIS absorption(A) and FL(B) spectra of compounds 19, 20, and 21 rec-
orded in dichloromethane at about 10–5–10–6 mol/L and 25 °C, a. 19a; b. 19b; c. 20 a; d. 20b; e. 21a; f. 
21b Reprinted/ with permission from Ref. [76]. Copyright 2017, The Editorial Department of Chem-
ical Research in Chinese Universities and Springer-Verlag GmbH. 

Table 1. Photophysical properties of compounds 19, 20, and 21. 

Compd. 𝛌𝛌𝒎𝒎𝒎𝒎𝒎𝒎𝒂𝒂𝒂𝒂𝒂𝒂 ɑ/nm 𝛌𝛌𝒎𝒎𝒎𝒎𝒎𝒎𝑷𝑷𝑷𝑷 ɑ /nm Stokes Shift a/nm 𝐅𝐅𝒇𝒇  b 𝝉𝝉
𝒏𝒏𝒏𝒏

  b 
19a 349, 367, 387 407, 428  61 0.41 4.59 
19b 349, 367, 387 480  113 0.20 3.10 
20a 399, 421 431, 455  32 0.54 4.77 
20b 404, 424 438, 461  34 0.75 4.26 
21a 438, 463 482, 506  19 0.59 3.57 
21b 449, 472 490  18 0.57 2.61 

a Maximum absorption wavelength measured in dichloromethane at about 10–5–10–6 mol/L and 25 
°C; b the quantum yields were measured in dichloromethane using quinine sulfate in sulfuric acid 
(Φ = 0.55) as the standard. 

Other π-extended anthracene fluorophores (22) and (23) (Figure 26) were synthesized 
by the group of Wang et al. [78] involving a π-π conjugation system in the lateral direction 
and n-π conjugation in the longitudinal direction through the nitrogen atom, which es-
tablishes a π-n-π conjugation (the nitrogen lone pair serves as a bridge to connect the two 
aromatic systems). Both compounds showed strong luminescent emission in solution and 
in the solid state with face-to-face (π-π) interactions dominating the arrangement, 
whereas the C/N-H…π interactions observed in the lattice of compound 23 probably are 
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due to the presence of the trimethylsilyl (TMS) groups, posing steric hindrance for face-
to-face interaction, thus avoiding possible excimer formation. 

NH

HN

NH

HN

SiMe3

Me3Si

2322  
Figure 26. Structures of 22 and 23 anthracene derivatives. 

Both compounds 22 and 23 show similar absorption and emission spectra, with com-
pound 23 showing a blue shift in the emission (red) with respect to compound 22 (Figure 
27B), which is attributed to the lack of the TMS donating group. The strong absorbance 
band in 22 (Figure 27A) at 250–340 nm is mainly attributed to n-π* (N-Ph) and π-π* tran-
sitions, whereas the weak absorbance at 410–550 nm is attributed to the π-conjugation 
over the entire molecule and across the nitrogen (N) atom. In addition, both compounds 
were not sensitive to the solvent polarity, but it was strongly temperature dependent (Fig-
ure 27C). As the temperature was lowered, the fluorescence emission was increased. This 
is a general trend since, at lower temperature, the molecular vibrations are reduced in 
proportion with nonradiative processes that otherwise diminish the radiative emission 
due to the competing nonradiative pathways. 

 
Figure 27. Absorption spectra (black), emission spectra (red) of 22 (A), and 23 (B) in THF at 25 °C; 
emission spectra of 22 in solid state at different temperature (C) and fluorescence lifetime of com-
pound 22 at variable temperature in solid state (D) Reprinted with permission from Ref. [78]. Cop-
yright 2019, Elsevier B.V. 

So far, by decorating the anthracene moieties with different functional groups, their 
photochemical properties change accordingly. This is mainly because their electronic 
properties and inter-/intramolecular interactions change as well. Nevertheless, this way 
of modifying the anthracene building blocks sometimes is not straightforward due to dif-
ficulties encountered during the synthesis and the time required and the expenses.  

Another way of changing their photophysical properties, specifically in the solid 
state, is by controlling the chromophore packing. Just as in the case of chemical modifica-
tion, this method can also lead to the desired luminescent properties because in the solid 
state, the photophysical properties depend on the total collective rather than the single 
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molecule [79,80]. To study the influence of chromophore arrangement on the photophys-
ical properties in a systematic way, Zhang et al. [81] synthesized four different anthracene 
derivatives with two of them having a flexible (24 and 25) and the other two (26 and 27) a 
rigid structure due to conjugation (Figure 28). 
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Figure 28. Anthracene derivatives 24–27 structures. Adapted with permission from Ref. [81]. Cop-
yright 2009, American Chemical Society. 

In solution, all four compounds showed similar well-structured absorptions in the 
region of 325–420 nm, attributed to the π-π* transition of the anthracene moiety. They 
differed, however, slightly in the extinction coefficient, with compound 26 having a 
stronger absorption (Figure 29a). Besides, compounds 24–27 showed similar fluorescent 
emission under the same conditions (diluted chloroform), displaying only a weak effect 
induced by the anthracene position relative to the pyrazole moiety (Figure 29b).  

 
Figure 29. UV−VIS absorption (a) and fluorescence spectra (b) of compounds 24–27 in CHCl3 (3 × 
10−6 M). Adapted with permission from Ref. [81]. Copyright 2009, American Chemical Society. 

However, in contrast to the solution studies, compounds 24–27 showed very different 
emission spectra in the solid state. More interestingly, their emission does not only differ 
among the different compounds, but it also differs even between the same compounds 
that can have different crystal packings. This difference in the emission properties is 
mainly due to different arrangement in the crystal structure as we discussed above due to 
different crystallizing conditions. For instance, the authors could synthesize two different 
crystals of compound 24 (24a and 24b). 24a shows a red shift with the emission lying in 
the green region (λmax = 515 nm), whereas 24b crystals emit in the blue region (λmax = 424 
nm). The different photophysical properties of the same compound with different struc-
tures are almost exclusively attributed to different crystal arrangements. Indeed, com-
pound 1a shows π-π interactions between the anthracene building blocks, whereas 24b 
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does not show such interactions. The other three compounds show a similar behavior to 
compound 24 except compound 25, where the fluorescent emission for 25a and 25b was 
almost overlapping, which can be explained by closely similar crystal packing (Figure 30).  

 
Figure 30. Solid-state emission (left), crystal packing of compounds 24–27 and their photophysical 
properties (right). Adapted with permission from Ref. [81]. Copyright 2009, American Chemical 
Society. 

1.3.3. J-Aggregate 
Organic molecules, such as dyes, usually aggregate in highly concentrated [82] solu-

tion or in the solid state. This tendency of aggregation affects the photophysical properties 
of chromophores capable of absorbing and emitting light. The effect in the photophysical 
properties is mainly caused by π-π stacking and hydrogen bonding interaction, leading 
to the formation of J- and H-aggregates. Depending on the chromophore structure, and 
the possibility to form hydrogen bonding, the emission from the solid state sometimes is 
less intense [83,84] than in solution. However, this is not always the case as it is known 
that some fluorescence is quite intensive in the solid state. The reason behind that comes 
from the fact that the structural conformation of the chromophore in the solid state is “fro-
zen”, allowing for more conjugation. At the same time, due to the rigidity, there will be 
less vibration, which otherwise can lead to loss of energy to the environment. These phe-
nomena are attributed to the formation of J- and H-aggregates [85]. 

J-aggregates are typically characterized by narrow intense bathochromic (red) shifted 
absorptions, whereas H-aggregates are shifting opposite (H-aggregate, Table 2, Figure 31). 
Some of their important and distinguishable photophysical properties are given in the 
table below.  

Table 2. J- and H-aggregates’ properties. 

Compd. Absorbance Absorbance Intensity Emission Emission Intensity Crystal Packing 
J-aggregate Bathochromic (red) shift High Sharpening High Side by side 
H-aggregate Hypsochromic (blue) shift High Broadening Low Face to face 
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H-aggregates

J-aggregates   
Figure 31. Possible H- and J-aggregate of anthracene (left) and schematic representation of the 
changes in absorption (blue) and fluorescence (red) for cyanine dye monomers (right) Re-
printed/adapted with permission from Ref. [86]. Copyright 2017, iop Publishing Ltd. 

While such effects have been observed by many research groups, we will herein pro-
vide some selected cases. For instance, Xiao et al. [87] used two simple anthracene deriv-
atives, DBA (9,10-dibromoanthracene) 4 and DCNA (9,10-dicyanoanthracene) 28, to syn-
thesize anthracene-derived nanowires (Figure 32) for applications in nanoscience and 
nanotechnology [88–90].  

Br
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CN

CN

DBA
4

DCNA
28    

Figure 32. The single-crystal structures of (4 ) DBA (a) and (28) DCNA (b). Adapted with permis-
sion from Ref. [87]. Copyright 2017, IOP Science. 

The prepared nanowires of DBA and DCNA in aqueous solution showed a batho-
chromic shift both in the absorption and in the emission spectrum, which implies the for-
mation of J-type aggregates, hence slight offset parallel arrangements between the aro-
matic systems (Figure 33). However, the emission intensities were drastically decreased 
in the case of the DBA compound due to the heavy atom effect (Figure 33a), whereas the 
emission of DCNA was stronger than that of DBA (Figure 33b). 

  
Figure 33. (a): UV–VIS spectra of DBA in (i) THF and (ii) aqueous solution. Emission spectra of DBA 
in (iii) THF and (iv) aqueous solution. (b) UV–VIS spectra of DCNA in (i) THF and (ii) aqueous 
solution. Emission spectra of DCNA in (iii) THF and (iv) aqueous solution. Adapted with permis-
sion from Ref. [87]. Copyright 2017, IOP Science. 

9-Phenylanthracenyl is modified with rhodamine derivatives, such as tetramethyl 
rhodamine (TMR) or the silicon-based rhodamine (Si-TMR), to obtain 29, 30. Ref. [91] 
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leads to the formation J-aggregates in aqueous halide ion solution, even though the rho-
damine derivatives are known to usually form H-type aggregates under similar condi-
tions [92] (Figures 34 and 35).  

ON N

TMR-An

SiN N

SiR-An
29 30  

Figure 34. Chemical structures of TMR-anthracene (left) and Si-TMR-anthracene (right). 

  
Figure 35. (Left) TMR-An monomer (29) in methanol (black) and changes in the absorption spectra 
upon the addition of NaCl from 0 to 100 mM to the TMR-An (29) in Milli-Q water (green to red). 
(Right) Normalized absorption spectra of SiR-An (30) monomer in methanol (black) and changes in 
absorption spectra (dashed black line to red). M and J indicate the absorption from the monomer 
and J-aggregates. Reprinted with permission from Ref. [91]. Copyright 2015, The Royal Society of 
Chemistry. 

Aggregates with photophysical properties typical for that of the J-type aggregates are 
also reported by An et al. [85]. Addition of water to a THF solution of 31 led to the for-
mation of nanoparticle-sized aggregates, which showed a red shift in both absorbance 
(Figure 36a) and emission (Figure 36b) with an enhancement of the intensity of the latter. 
Figure 36 depicts the chemical structure of CN-MBE (left) and J-aggregate formation in-
ducing enhanced emission (right) [85]. 

The formation of the J-type aggregates is attributed mainly to the presence of the CN 
group, which apparently does not allow face-to-face aggregation due to steric effects [93], 
thus leading to the formation of head-to-tail J-aggregates. 

H3C

NC
CH3

CN-MBE (31)  

 
Figure 36. Chemical structure of CN-MBE (left) and J-aggregate formation inducing enhanced ab-
sorbance (a) emission (b) Reprinted with permission from Ref. [85]. Copyright 2002, American 
Chemsitry Society. 
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In 2009, Swager et al. [94] synthesized different fluorescent macrocycles based on 1,3-
butadiyne-bridged dibenz [a,j]anthracene, and by studying their photophysical proper-
ties, they observed the formation of J-aggregates in highly concentrated solution and in 
thin films (Figure 37).  
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Figure 37. Chemical structure of anthracene derivatives. Reprinted with permission from Ref. [94]. 
Copyright 2009, American Chemistry Society. 

The resulting anthracene-based macrocycles were used to study their photophysical 
properties using UV–VIS and fluorescence spectroscopy. All four compounds (32a, 32b, 
33, and 34) showed similar absorption spectra, with compound 34 differing slightly more, 
due to the larger difference in its chemical structure compared with its analogues, as 34 
was lacking the cyclic structure. Compound 33 showed a slight red shift relative to 32a 
and 32b (32a and 32b showed similar absorption spectra), which comes most probably 
from the presence of the alkoxy groups, whereas compound 34, due to the lack of the cycle 
and reduced conjugation, led to a slightly blue-shifted absorption. In addition, compound 
34 showed a larger Stokes shift, and this is attributed to the lack of rigidity and higher 
flexibility as noncyclic compound (Figure 38, left). A bathochromic shift, high-intensity 
and narrow emission peaks, and small Stokes shifts found for a film of compound 32a 

(red) compared with that of 32a in solution (blue) clearly indicate the formation of J-ag-
gregates [94] (Figure 38, right). 

  
Figure 38. Normalized absorbance (solid lines) and emission (dotted lines) spectra of 32a, 32b, 33, 
and 34 in chloroform (left) and absorption spectra of 32a, solution (blue) vs. film (red) (right). Ref. 
[94]. Copyright 2009, American Chemistry Society. 

Another interesting work concerning the J-type aggregates and their photophysical 
properties was published by the group of Sakar in 2018. In order to understand the pho-
tochemical properties of twisted fluorescent organic compounds, they synthesized two 
twisted biaryl compounds 36 BA and DCBA 37 and compared them with monoaryl AN 
and CA [95] (left).  
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The formation of J-type aggregates was confirmed by a red shift in absorbance (Fig-
ure 39a,b), but interestingly, they showed a blue shift in the emission spectrum (Figure 
40a,b). This could be explained by the presence of a C–C bond in 37 between the anthra-
cene units, which can induce a change in the geometry during the self-assembly process, 
which then suppresses the charge transfer state, thus causing a blue shift and lowering 
the emission efficiency (Figure 40). 

CN
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9,9'-Bianthryl (BA) 10,10'-Dicyano-9,9'-Bianthryl 
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1 35

36 37  

 

Figure 39. Structure of derivate anthracene (left) and normalized absorption spectra of (a) BA (36) 
in molecular form in DMSO and aggregated form in water−DMSO mixture and (b) DCBA (37) in 
molecular form in DMSO and aggregated form (water−DMSO mixture) (right). Reprinted with per-
mission from Ref. [95]. Copyright 2018, American Chemical Society. 

  
Figure 40. Emission spectra of (a) BA (36) and (b) DCBA (37) in molecular form in DMSO (black) 
and aggregated form in water–DMSO mixture (red). The inset provides the normalized emission 
spectra of BA and DCBA in the molecular and aggregated states. Reprinted with permission from 
Ref. [95]. Copyright 2018, American Chemical Society. 

1.3.4. H-Aggregate 
Additionally, H-aggregates can be formed in concentrated solution and in the solid 

state. Nevertheless, their perfect head-to-head (face to face) interaction makes them dif-
ferent from other aggregation types (e.g., J-type), thus leading to blue (hypsochromic) 
shifts in the absorbance spectrum [96]. A typical example of H-type aggregates is shown 
by Gierschner et al. [97,98] using different derivatives of distyrylbenzene 38 (DSB), 39 
F12DSB, and 40 t-Bu4DSB (Figure 41). 
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Figure 41. Emission (left)/absorbance (right) of distrylbenzene (DSB) nanoparticles: (a) t-Bu4DSB, 
(b) DSB, (c) cocrystalized DSB: F12DSB, and (d) F12DSB. Dashed lines are spectra in solution (n-hex-
ane) for comparison. Reprinted with permission from Ref. [97]. Copyright 2005, AIP Publishing.   

The investigation showed that distyrylbenzene 38 (DSB) arranges in a herringbone 
manner, with the long axes oriented in parallel, but the short axes nearly perpendicular to 
each other. In contrast, polyfluorinated distyrylbenzene 39 and the 1/1 mixture of DSB: 
F12DSB cocrystals arrange face-to-face via π-π stacking in the solid state, thus as H-aggre-
gates. Photophysical investigation showed that compounds arranged face-to-face DSB: 
F12DSB and F12DSB show strong interactions and express a strong blue shift in the absorp-
tion spectrum as well as an unstructured strong red-shifted excimer-like spectrum, com-
pared with DSB alone, which shows a similar well-structured emission spectrum to the 
one in solution due to weak intermolecular vibronic coupling (Figure 41). 

In general, the H-type aggregates are known to be less efficient in photoluminescent 
emission due to their high/strong interaction between the aggregates in the solid state. 
However, Wang et al. [99] could efficiently increase the emission intensity of tetracene 41 
and pentacene 42 (guest compounds) by doping into trans-DSB compound 38 (host com-
pound). The crystal structures of tetracene and pentacene induce self-quenching, leading 
to a very low emission efficiency due to the H-aggregates and strong vibronic interactions, 
whereas doping these two compounds into DSB increases the emission efficiency by up 
to 74% due to the lack of intermolecular aggregation. Furthermore, controlling the amount 
of doped tetracene and pentacene leads to the emission of different colors. Undoped DSB 
crystals give blue emission, whereas the doped crystals with tetracene and pentacene give 
green and red emissions, respectively (Figure 42). 
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41

42   
Figure 42. Structures of DSB (38), tetracene (41), and pentacene (42). Absorption (a) and emission 
(b) spectra of trans-DSB crystal, tetracene-doped trans-DSB crystal, and pentacene-doped trans-DSB 
crystal. Reprinted with permission from Ref. [99]. Copyright 2009, American Chenistry Society. 

Similar to the work of Gierschner et al., where he used substituted distyrylbenzene 
(DSB) 38 to study the effect of the substituents (fluorine, t-Bu) on the photophysical prop-
erties in both solution and solid state, Sun et al. [100] used fluorine-substituted distyrylan-
thracene (DSA) 43 for the same purpose (Figure 43).  
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BTFSA            F          F          F43  

Figure 43. Chemical structures of DSA derivatives. 

His findings were in line with the work of Gierschner and others, since during the 
investigation, he found different photophysical properties depending on the degree and 
position of fluorination. Hence, DSA, 4-BFSA, 3-BFSA, BDFSA, and BTFSA express differ-
ent photophysical properties due to different packings. In addition, DSA derivatives ex-
hibited solvatochromic effect; red-shift emission is observed by increasing the solvent po-
larity [100] (Table 3). 

Table 3. Photophysical properties of DSA derivatives. 

Compd. Solution Solid PL (nm) in THF/H2O (%) PL (nm) in Different Solvents a 

 Abs FPL b PL FPL (%) 0 30 50 70 90 HEX TOL DCM ACT Me 
DSA 410 52 508 14 556 571 568 491 506 545 559 578 586 587 
4-BFSA 410 53 502 18 557 561 576 482 480 545 558 567 585 586 
3-BFSA 410 57 518 49 558 566 567 491 504 545 555 576 582 584 
BDFSA 412 59 448 62 555 566 567 491 505 542 553 560 568 571 
BTFSA 413 56 579 39 509 508 508 508 544 502 506 510 505 501 

a HEX: n-hexane; Tol: toluene; Me: methanol; DCM: dichloromethane; ACT: acetone. b Solution flu-
orescence quantum yield estimated by using 9,10-diphenylanthracene as the standard. 

1.4. Excimers 

Aggregates of two atoms/molecules that can be formed only in the excited states are 
called excimer (excited dimer). Furthermore, this species can only exist in the excited state 
because the ground state of the dimer [101] is not energetically favorable [102]. Typically, 
excimers [MAMA]* are formed when monomer MA is excited from the ground state to the 
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excited state 𝑀𝑀𝐴𝐴
∗  by absorbing a photon. Then the excited monomer 𝑀𝑀𝐴𝐴

∗  forms the ex-
cimer [MAMA]* with another monomer MA from the ground state (Figure 44). 

𝑀𝑀𝐴𝐴
ℎ𝑣𝑣
��𝑀𝑀𝐴𝐴

∗ + 𝑀𝑀𝐴𝐴 → [𝑀𝑀𝐴𝐴𝑀𝑀𝐴𝐴
∗] 

Figure 44. Excimer formation. 

This process consists of light absorption, association, emission [103], and dissociation 
to the ground state (Figure 45a) The photophysical properties of the excimer differ from 
those of the monomer alone [104], showing a red shift and longer lifetime as well as a 
structureless emission spectrum (Figure 45b). 

 
Figure 45. (a) Energy levels and possible process for the formation of the excimers, * Exciting state; 
(b) normalized spectra of absorption (black), monomer emission (green), and excimer emission 
(red). Reprinted with permission from Ref. [103]. Copyright 2015, Royal Society of Chemistry.  

Anthracene, on the other hand, might have five possible excimers: normal dimers 
[105], offset, twisted [106], T-shaped, and twisted plus end-overlapped dimers (Figure 46) 
[107,108]. 

H H H

T-shaped
47

Twisted; end-overlaped
46

normal
44

offset
45

twisted
48  

Figure 46. Five possible anthracene excimers. 

To better understand the relationship between the structure and the photophysical 
properties of an excimer, it is of high importance to find a real model, which forms a single 
and pure excimer. One can think of simple aromatic compounds such as benzene, naph-
thalene, or anthracene, but the problem with such compounds is that they usually form 
infinite herringbone arrangements, which are far from what is indeed needed. 

Nevertheless, such an excimer with a similar emission in solution and in the solid 
state is formed by the monosubstituted 2-(anthracen-9-yl)thianthrene (2-TA-AN) 49 pre-
sented by the group of Gao et al. [109,110] (Figure 47). 
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Figure 47. PL spectra recorded for 2-TA-AN in THF solutions with increasing concentration and in 
crystal form. Molecular structure of 2-TA-AN in solution and the intermolecular packing. Reprinted 
with permission from Ref. [109]. Copyright 2018, Royal Society of Chemistry. 

The resulting dimer 50 is formed via antiparallel face-to-face stacking, and the dis-
crete dimeric structure is established thanks to the thianthrene substituent, which spa-
tially separates anthracene dimers from each other, thus preventing further aggregation. 
As shown in Figure 47, the resulting dimer emits in the green region (λmax = 526 nm) versus 
the monomer, which displays blue emission (λmax = 424 nm) in diluted solution.  

A similar approach was followed up by Prasad et al. [111] in order to study the pos-
sible excimer formation and the photophysical properties in both solution (DCM) and 
solid-state thin films. For that purpose, they synthesized different anthracene derivatives 
functionalized with amino alkyl chains (51 octyl, 52 dodecyl, 53 octadecyl, and 54 p-bu-
tylaniline) (Figure 48,Table 4).  

NHC8H17 NHC12H23 NHC18H37 NH(C6H4)C4H9

C8-I C12-II C18-III PhC4-IV
51 52 53 54   

Figure 48. Anthracene-derived structures. Reprinted with permission from Ref. [111]. Copyright 
2010, Elsevier. 

Spectroscopic investigation showed excimer formation (Figure 49, right). However, 
in solution, only fractions of the excimers were formed contrary to that of the solid state, 
where exclusively excimer formation was observed, which can be explained by a close 
rigid packing of anthracene moieties. In addition, glassy thin films were obtained upon 
fast cooling to room temperature after heating the solid thin films, thus exhibiting a plastic 
crystalline phase. A closer look into the packing showed discotic (rectangular columnar) 
arrangement (Figure 49, left). 

  

Figure 49. Cartoon representation showing the rectangular columnar arrangement in 51 (left). Ex-
citation (left) and emission (right) spectra of anthracene (dot) and 53 (solid) at solid thin film after 
heat treatment. Inset shows a UV-illuminated photo of 53 in solid thin film on a glass slide at room 
temperature, providing anthracene excimer emission (right). Anthracene-derived structures. Re-
printed with permission from Ref. [111]. Copyright 2010, Elsevier. 
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Nevertheless, comparing the photophysical properties of the different anthracene de-
rivatives used revealed slight differences due to the different length of the alkyl chain sub-
stituents. 

Table 4. The photophysical properties of 51, 52, 53, and 54 in dichloromethane. “Reprinted with 
permission from Ref. [111]. Copyright 2010, Elsevier”. 

Compound 𝐥𝐥𝒎𝒎𝒎𝒎𝒎𝒎𝒂𝒂𝒂𝒂𝒂𝒂 /nm 𝐥𝐥𝒎𝒎𝒎𝒎𝒎𝒎𝑷𝑷𝑷𝑷 /nm (L) F Excimeric t, ns (Relative Amplitude, %) 

51 262, 357 
365, 384 420, 442, 472 0.26 τ1 = 3.52 (22.34) 

τ2 = 7.46 (77.66) 

52 
264, 355 
366, 384 

420, 444, 474 0.22 
τ1 = 2.78 (33.79) 
τ2 = 5.56 (04.76) 

τ3 = 11.10 (61.44) 

53 264, 355 
365, 382 

418, 442, 471 0.16 τ1 = 2.72 (19.12) 
τ2 = 7.28 (80.88) 

54 263, 356 
364, 384 420, 443, 473 0.33 τ1 = 2.31 (32.89) 

τ2 = 7.07 (67.11) 

In 2014, Feng et al. [112] reported on anthracene-based excimer emission with sensing 
properties for pyrophosphates (PPi). The resulting excimer after complexation of PPi with 
zinc-based anthracene complex led to a red-shifted emission, indicating its presence 
(Scheme 9). 
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Scheme 9. Complex of ZnL1 and PPi sensing. Reprinted with permission from Ref. [112]. Copy-
right 2020, American Chemical Society. 

The monomer itself, when exposed to 380 nm, emitted in the blue region (420 nm), 
whereas addition of PPi led to the formation of excimer, which, under the same irradiation 
wavelength, emitted at 480 nm in the turquoise region (Figure 50). 
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Figure 50. Fluorescent intensity changes (decreases) at 430 nm as a function of [PPi] and increases 
at 480 nm excimer emission. Reprinted with permission from Ref. [113]. Copyright 2011, RSC Pub-
lishing. 

1.5. Exciplexes 
Exciplexes (excited complex) (MAMB)* are chemical species formed when one mono-

mer (MA) in the excited state forms a complex with another (different) monomer MB in the 
ground state (Figure 51). 

𝑀𝑀𝐴𝐴
ℎ𝑣𝑣
��𝑀𝑀𝐴𝐴

∗ + 𝑀𝑀𝐵𝐵 → [𝑀𝑀𝐴𝐴𝑀𝑀𝐵𝐵
∗ ] 

Figure 51. Exciplex formation. 

Ideally, exciplex formation requires the use of proper compounds where one of them 
is an electron donor (HTM—hole transporting material) and the other one an electron ac-
ceptor (ETM—electron transporting material) [112]. 

Exciplexes usually display a red-shifted structureless broad emission spectrum and, 
therefore, are used as emitters and considered as potential organic light-emitting diodes 
(OLED) due to their capability of host–guest energy transfer [114,115].  

A typical example of an exciplex formation between simple anthracene 1 and dime-
thyl aniline 55 was observed by Geddes et al. [116] as they found an increase in fluores-
cence intensity of an unstructured band at 500 nm, while a decrease in intensity of the 
well-resolved vibrionic structure of the pure anthracene emission was observed (Figure 
52). The formation of a charge transfer complex during the irradiation of anthracene di-
ethylaniline mixture was identified to be responsible for exciplex emission.  

N exciplex

1 55  

 
Figure 52. Exciplex formation between anthracene and diethylaniline at various concentrations in 
toluene. Reprinted with permission from Ref. [116]. Copyright 2011, Elsevier B.V. 

Another example of exciplex formation with a broad, structureless, and red-shifted emission com-
pared with the anthracene derivative alone was observed by the group of Chen at al. [117] when 
exposing a solid thin film of a mixture of anthracene derivative 56 with an amino compound 57 at 
50%wt to UV light.  
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Emission of pure anthracene derivative monomer at λmax = 449 nm was red-shifted to 
λmax = 482 nm for the mixture with 57 (TAPC = Di-{4-N,N-ditolyl-aminophenyl}cyclohex-
ane) thin films, indicating the formation of the exciplex (Figure 53). 

O
CF3

F
+

NN

56 57  

 
Figure 53. Chemical structure: anthracene derivative (left), amino compound (centered), PL spectra 
of 56 and 56:57 thin films (right). Reprinted with permission from Ref. [117]. Copyright 2019, Else-
vier B.V. 

Compounds already known to form exciplexes with anthracene and its derivatives 
are, e.g., oxygen [118], dienes [119], and amines [120,121]. In 1975, Yang et al. [122] used 
dimethylaniline (DMA) in order to investigate the photochemistry of anthracene. They 
found out that in the absence of DMA, the only reaction was the photodimerization of 
anthracene 9, whereas in the presence of DMA, competing reactions were occurring, lead-
ing to the formation of different products (58, 59, 60) depending on the concentration of 
the DMA (Figure 54). 

H NH

N

H
H

9 58 59 60  
Figure 54. Photochemical products formed in the presence of DMA. 

These competing reactions were mainly attributed to electron transfer from the amine 
to the exited state of anthracene, and the intermediate was the exciplex formed in the ex-
cided state between these two compounds [122,123]. In addition to their interesting prop-
erties in photoluminescence, exciplexes are known as well to be the “obligatory” [124] 
intermediate of a photochemical reaction like in the [2 + 2] cycloaddition of 9-cyanophe-
nanthrene 61 with β-methylstyrene 62 (Scheme 10). 
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Scheme 10. Example of [2 + 2] cycloaddition through the exciplex intermediate. Adapted with 
permission from Ref. [124]. Copyright 1974, Chemical Society. 

1.6. Dyad Emission 
Systems/materials composed of two distinct covalently bound organic/inorganic 

compounds are known as dyads [125]. Such systems have been intensively investigated 
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[126] by many research groups for possible applications [127,128]. Ge at al. [129] synthe-
sized the anthracene-appended ferrocene dyad 64 containing the aniline and thiourea do-
nor moieties for sensing Cu(II) and Hg(II) ions (Figure 55). Dyad 64 exhibited a very weak 
emission at λmax = 395, 416, and 440 nm, respectively. The weakness of emission is at-
tributed to photoinduced electron transfer (PET) from aniline and ferrocene as electron-
rich species, quenching the fluorescence of the linked anthracene. However, the addition 
of metal ions such as Cu (II) and Hg (II) led to the increase in the emission, indicating that 
the nitrogen atom of aniline and the sulfur atom in thiourea are the binding sites for the 
metal ion coordination in 65 (Figure 55). 
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64   
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M = Cu(II), Hg(II)

emission

65  
Figure 55. Structure (left), emission (centered), and binding mode (right) of dyad 64. Reprinted 
with permission from Ref. [129]. Copyright 2015, Elsevier B.V. 

Further, an anthracene-based dyad was published by Tykwinski et al. [130], this time 
combined with a pentacene unit 66. The anthracene core was modified at position 9 with 
different substituents, e.g., H, F, Cl, Br, and CH3 (Figure 56). 

R

Si

66

66a: R = H
66b: R = F
66c: R = Br
66d: R = CH3

  
Figure 56. Structure (left), UV–VIS absorption spectra of 66a–d (measured in CH2 region of 225–800 
nm and expansion from 340–700 nm (right). Reprinted with permission from Ref. [130]. Copyright 
2020, Wiley-VCH Verlag GmbH & Co. 

The resulting dyad derivatives showed very similar photophysical properties (Figure 
56, right), which could be best explained by the X-ray structures [131] (Figure 57), which 
were similar regardless of the presence of different substituents on the anthracene. A char-
acteristic absorption band for the pentacene unit was observed at λmax = 310 nm and in the 
low-energy region at λ = 536, 537, 623 nm, whereas the main absorption band for the an-
thracene core was observed at λmax = 256 nm, including a series of week absorptions at λ = 
349, 367, and 387 nm. 
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Figure 57. (a–d) X-ray structures of 66a–d. Reprinted with permission from Ref. [130]. Copyright 
2020, Wiley-VCH Verlag GmbH & Co. 

In 2019, the group of Chaari et al. [132] synthesized such dyads for very efficient blue 
light emission, using a nucleophilic substitution reaction between an anthracene moiety 
and an m-carborane cluster (Scheme 11). 
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Scheme 11. Synthesis and characterization of anthracenyl-monosubstituted m-carborane deriva-
tives 71, 72, and 73. Reprinted with permission from Ref. [132]. Copyright 2019, The Royal Society 
of Chemistry. 

Dyads 71, 72, and 73 show similar well-structured absorption spectra largely at-
tributed to π-π* transitions of the anthracene compound. In addition, these dyads display 
excellent emission properties showing almost quantitative (95–100%) fluorescence quan-
tum yields in solution for all of them, which is significantly higher than the one containing 
two anthracene moieties [133]. The high efficiency emission is attributed to the presence 
of the CH2 linker, which allows a free rotation of the anthracene core (Figure 58a).  
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Figure 58. Absorption and emission spectra of 71 (red), 72 (green), and 73 (blue) in THF solutions 
(a) and aggregates (THF/H2O, 1/99, v/v) (b). AU: arbitrary units. Adapted with permission from Ref. 
[132]. Copyright 2019, The Royal Society of Chemistry. 

Furthermore, these dyads retained their emission properties in the aggregated state 
as well (Figure 58b), again thanks to the presence of CH2 in 71 and iodine in 72 and 73, 
which prevents π-π stacking due to steric hindrance (Figure 59).  

 
Figure 59. Crystal packing of compounds 71, 72, and 73. Adapted with permission from Ref. [132]. 
Copyright 2019, The Royal Society of Chemistry. 

Crystal structures of compounds 71, 72, and 73 were formed to be mainly controlled 
by the intermolecular interaction between C–H and B–H of carbaborane with anthracene 
moiety. In addition, compound 71 showed further interaction between hydrogen atoms 
of –CH2– groups and anthracene, whereas compound 72 featured further C–H-π interac-
tions (Figure 59). 

Thus, intermolecular π-π interactions between the anthracene building blocks were 
prevented mostly by the interaction of hydrogen atom from the carbaborane cluster and 
anthracene (Cc–H-A) among weak B–H-I-B interaction. Due to these interesting photo-
physical properties, these compounds have potential for bioimaging applications. 
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1.7. Triade Emission 
Systems/materials composed of three distinct organic/inorganic (usually π-conju-

gated organic) compounds are known as triads. Such systems can be used to develop 
heavy atom-free-triplet photosensitizers [134]. A typical example is given in the work con-
ducted by Xing et al., who synthesized two (74, 75) slightly different triads composed of 
carbazole (CZ), anthracene (AN), and bodipy (BDP) (Figure 60). 
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Figure 60. Triad chemical structures (left), and TTA upconversion with 75 as the photosensitizer 
and perylene (Pery) as the acceptor (right). Excited with a 510 nm cw laser (50 mW cm–2). c [perylene] 
= 2.0 × 10–5 M, in deaerated dichloromethane, 20 °C. Inset: photographs of 75 alone and the upcon-
version. Reprinted with permission from Ref. [134]. Copyright 2018, American Chemical Society. 

These triads were composed of two donors (CZ and AN) and one acceptor (BDP) 
organic moieties and linked together in such a way that a sequential electron transfer was 
possible. Furthermore, in order to study the photophysical properties especially on spin–
orbit charge transfer intersystem crossing (SOC-ISC), the position and distance of the car-
bazole moiety was varied because it is known that substrate modification, e.g., substitu-
tion, influences their performances. [135] Such triads were used as triplet photosensitizers 
for triplet–triplet annihilation (TTA) upconversion (Figure 60, right). The mechanism for 
triplet–triplet annihilation (TTA) involves an energy transfer between two molecules al-
ready in the triplet excited state. This process would allow one molecule to go back to the 
ground state and the other one to be promoted to higher energy levels [136].  

The reactions of proton-coupled electron transfer (PCET) were studied by Hammer-
Schiffer et al. [135] using a triad [137] molecule 76 composed of anthracene, phenol, and 
pyridine building blocks. Using different substituents, they studied first their effect on the 
decay of a locally excited state (LES) to the ground state (GS) and, second, explained the 
long-lived charge separation state (CSS) (Figure 61). LEPT stands for local electron–proton 
transfer. 
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Figure 61. Triads and their chemical structure (left), concerted electron transfer from phenol to an-
thracene and proton transfer from phenol to pyridine (right). Adapted with permission from Ref. 
[137]. Copyright 2019, The American Association for the Advancement of Science. 
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1.8. Coordination Polymers (CPs) 
Coordination polymers (CPs) are supramolecular assemblies [138] formed typically 

between an organic compound (ligand, electron donor) and an inorganic salt [139] (metal 
ion, electron acceptor) through noncovalent bonding [140]. CPs and their properties 
among other factors (e.g., solvents, temperature) are dependent on the nature of the donor 
and acceptor species, which can lead to the formation of 1D [23,141], 2D [23], and 3D [142] 
structures showing different chemical, physical, and photophysical properties. Since their 
introduction, such CPs, especially those based on fluorescent building blocks, have found 
many applications, thanks to their capability of hosting guest molecules [143] and sensing 
traces of toxic [19–21] or explosive compounds [24,144], ions [106,145], and in light-emit-
ting diodes (LED) [13]. 

In 2018, one such functional coordination polymer was published by Fromm at al. 
[26] using the 9,10-di(1H-imidazol-1-yl)anthracene ligand 80 in coordination with ZnII and 
CdII. Due to the possible conjugation of the nitrogen lone pair in the imidazole moiety, 
which leads to the partial formation of the double bond, the molecule is not completely 
flexible. Nevertheless, rotation is still possible but quite slow, allowing for of two con-
formers to form, cis and trans (Scheme 12).  
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Scheme 12. Ligand L: 9,10-di(1-H-imidazol-1-yl)-anthracene and its cis- and trans-conformations in 
coordination polymers. 

Interestingly even though the molar ratio of the ligand to the metal salt used in the 
reaction was always 1:1, the resulting coordination polymer featured a 2:1 ratio for ligand 
and metal. In addition, it has been found that by changing the polarity of the solvent mix-
ture, the ligand L can adopt either the cis- (polar solvent, e.g., MeOH/DCM (1/4)) or the 
trans-conformation (e.g., MeOH/DCM (4/1)), whereas in an intermediate solvent mixture 
(e.g., MeOH/dioxane (1/4)), both forms are present. These possible modifications led to 
the synthesis of several different (1D, 2D, and 3D) coordination polymers (Figure 62), all 
showing a strong blue emission in the solid state at room temperature (Figure 63).  
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Figure 62. Different structures obtained using ligand 80 in different solvents DCM/MeOH/CHCl3. 
Adapted with permission from Ref. [26]. Copyright 2019, Royal Society of Chemistry. 

 
Figure 63. Solid-state UV–VIS and photoluminescence spectra of coordination polymer base of com-
pounds 80 measured at 25 °C, excited at 350 nm. Adapted with permission from Ref. [26]. Copyright 
2019, Royal Society of Chemistry. 
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In 2019, the same group published a different (1D and 2D) coordination polymer 
based on pyridyl-substituted anthracene building blocks 81, simply by using different an-
ions with either zinc or cadmium ions (Figure 64). 

[Cd(oba)(L)0.5] 

       
Figure 64. 1D (a–c) and 2D (d,e) coordination polymers obtained using ligand 81 with different 
metals (ZnII, or CdII) and anions (p-Tos−, CF3CO2−, CF3SO3−, ClO4−, SiF62−). Adapted with permission 
from Ref. [23]. Copyright 2019, American Chemsitry Society. 

The perchlorate (ClO4−) and hexafluoro silicon anion (SiF62−) led to the formation of 
2D structures, whereas tosylate (p-Tos−), trifluoroacetate (CF3CO2−), and triflate (CF3SO3−) 
led to the formation of 1D coordination polymers. In both types, the ratio of ligand to 
metal was 2:1 (Figure 64). In addition, coordination polymer 88d was capable of tracing 
different nitroaromatic and herbicide compounds down to ppb concentrations (Figure 65) 
[23].  

  
Figure 65. Fluorescence sensing of picric acid (TNP) (left) and 2,4,6-trichloroanisole (TCA) (right) 
by 88d in MeCN. Adapted with permission from Ref. [23]. Copyright 2019, American Chemsitry 
Society. 

The high sensing capability of such compounds for the above-mentioned nitro and 
herbicide compounds was possible due to the fluorescent emission of the compounds, 
which diminished in the presence of small quantities of the guest molecules. However, 
the mechanism on how the fluorescence emission is quenched is not well understood, but 
it is well known that these compounds are quite sensitive to the environment.  
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However, changing the ratio of the ligand to metal ion can also lead to different struc-
tures. For instance, in 2009, by using a 1:1 ratio of compound 81 ligand-to-metal ions, 
Khlobystov et al. synthesized 1D coordination polymer (Figure 66) [141]. 

N N N N N NM

X
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81  
Figure 66. 1D coordination polymer of 81 in the presence of the metal (M = AgI, ZnII, CdII, or HgII) in 
1:1 ratio M = AgI, ZnII, CdII, or HgII; X = NO3−, CF3COO−, CH3COO−, Cl−, BF4−, ClO4−. Adapted with 
permission from Ref. [141]. Copyright 2009, WILEY-VCH Verlag GmbH & Co. KGaA. 

One year later, in 2010, Fromm et al. [106] synthesized nanowire upon the reaction of 
82 with silver metal ions. The resulting CP with a zigzag 1D chain due to the coordination 
of nitrogen atom from the pyridyl group to the silver ion displayed excimer emission ow-
ing to the pairwise stacking of anthracene moieties (Figure 67). 

Hey-Hawkins et al. [146] confirmed that anthracene-based ligands are excellent can-
didates for the formation of CPs by using them for the detection of hydrogen peroxide 
(H2O2). Usually, anthracene-based ligands are used thanks to their excellent luminescent 
properties, which, in combination with sophisticated fluorimetry techniques, allow the 
detection of different analytes at very low concentrations.  

The detection of singlet oxygen (1O2) based on an anthracene coordination polymer 
is also reported [147]. The author took advantage of the flexible anthracene ligand 83 (Fig-
ure 68, left) to synthesis a one-dimensional zigzag coordination polymer (Figure 68, right). 

O
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N

N

82    
Figure 67. Chemical structure of L-82 (left), packing of the coordination polymer chains (center) and 
emission spectra of 82 and complexe (right), (excitation wave length is 344 nm). Adapted with per-
mission from Ref. [107]. Copyright 2013, The Royal Society of Chemistry. 
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Figure 68. Chemical structure of 3,3′-(anthracene-9,10-diyl) diacrylic acid 84 and its coordination 
environment around the Zn(II) ions (a–d). Color codes: Zn, green; N, blue; C, gray; H, cyan; O, red. 
[147]. Adapted with permission from Ref. [147]. Copyright 2017, American Chemistry Society. 
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Ligand 84 showed aggregation-induced emission (AIE) activity in ethanol/hexane 
medium. However, in the crystal structure of the CP, the same ligand adopted a different 
(twisted diacrylic) conformation. This change in the structure of ligand 83 led to a drastic 
change in the photophysical properties of CP (λmax = 500 nm), in comparison with the lig-
and alone (λmax = 580 nm) with a hypsochromic shift of 80 nm (Figure 69). The origin of 
this type of emission is attributed to the twisted diacrylic ligand conformation compared 
with the free ligand and to the rigidity in the resulting CP. 

  

Figure 69. (Left) Solid-state absorption and (middle) emission spectra of Cp and 83 ligand at room 
temperature. (Right) Change in the fluorescence emission spectra of 83 ligand (50 µM) with a change 
of hexane vol% in ethanol. Adapted with permission from Ref. [147]. Copyright 2017, American 
Chemistry Society. 

In addition to it, the resulting coordination polymer showed an expressed fluores-
cence response toward singlet oxygen (1O2) in a very selective manner (Figure 70) [148–
150]. The mechanism of sensing, on the other hand, is also well known [58,64,151,152], as 
the singlet oxygen reacts with anthracene building in a [4 + 2] cycloaddition, leading to 
the formation of endoperoxides, which, due to the subsequent loss of aromaticity (conju-
gation), have low or no fluorescence at all. 

 
Figure 70. Change in the fluorescence emission intensity of 83 with an increasing concentration of 
1O2 solution. Inset: corresponding fluorescent images under a UV lamp. Adapted with permission 
from Ref. [147]. Copyright 2017, American Chemistry Society. 

Besides simple coordination systems based on a single ligand, one can also use addi-
tional auxiliary ligands (e.g., L-84 (1,4-H2bdc) and L-85 (2,6-H2ndc)) for the construction 
of coordination polymers (Figure 71).  
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81 84 (1,4-H2bdc) 85 (2,6-H2ndc)  
Figure 71. Chemical structure ligands. 
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Thus, the solvothermal reaction of 81 in tandem with 84 gives the compound 86 or in 
tandem with 85 gives the compound 87, or 88 in the presence of either Zn(II) or Cd(II) salt 
led to the synthesis of three different 3D coordination polymers (Figure 72) [153]. 

   

   
Figure 72. Three-dimensional architecture of 86, 87, and 88. Adapted with permission from Ref. 
[153]. Copyright 2017, Elsevier B.V. 

These CPs in Figure 72 display strong luminescence emissions, which are stronger 
than the one of ligand 81 alone due to high-dimensional structures of the CPs and the 
rigidity enhancement of the ligand, thus minimizing the loss of energy through radiation-
less pathways (Figure 73). Therefore, such compounds have the potential to be used in 
photoelectronic devices, such as LEDs. 

 
Figure 73. The solid-state emission spectra of 81 and complexes at room temperature. 

2. Conclusions 
In summary, we have given an introduction about the photophysical properties of 

organic compounds with special emphasis on that of anthracene and its derivatives, as 
well as the interaction of light with matter, explaining in detail the Jablonski diagram. In 
addition, we have provided the reader with a brief introduction of the importance of the 
fluorescence/fluorimetry technique as a highly sensitive method for tracing toxic and ex-
plosive compounds, as well as for bioimaging in biology and medicine. Furthermore, dif-
ferent types of aggregates formed in both the ground and the excited state and their influ-
ence on the outcome of the emission light are discussed, and intermolecular energy/elec-
tron transfer in dyads and triads is briefly covered to give the readers a bit of a flavor of 
such compounds.  
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