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DOI: 10.1039/x0xx00000x "Unity is force"-Aesop. It is a common phenomenon that traditional chromophores exhibit high fluorescence in dilute

solution but luminescence is quenched at high concentrations or in the aggregate state, ie “aggregation-caused

WWW.ISC.Or;
¢ quenching” (ACQ). Tang reported the unusual photophysical observation that found in a group of luminogens can exhibit
weak or no fluorescence in solution yet are highly emissive in the aggregate or solid state, which is defined as
aggregation-induced emission (AIE).This discovery of AIE helped solve the ACQ effect in traditional luminophores. Pyrene
is an important polycyclic aromatic hydrocarbon (PAH), which exhibits very different photophysical behaviour in solution
versus the aggregate state, and the ACQ effect has played a dominant role in pyrene chemistry. The ACQ effect is harmful
to some practical applications and is a challenge in organic light-emitting diodes (OLEDs) and light-emitting
electrochemical cells for which the effect is more severe in the solid state. Thus, how to overcome the ACQ effect
observed in pyrene chemistry still remains a challenge. In this review, novel strategies to transform pyrene-based ACQ
luminogens to AIE luminogens are summarized, following the basicAIE work mechanics—restriction of intramolecular
rotation (RIR). Furthermore, prospective applications of pyrene-based AlEgens are discussed as is the potential for

designing and synthesising new organic functional materials.

1. Introduction

1.1 Chemistry of pyrene and its derivatives

Pyrene is a representative member of the polycyclic aromatic
hydrocarbons (PAHs), and consists of four fused benzene rings with
extensive m-electron delocalization. Since Weitzenbock first
synthesized pyrene 1 in the laboratory in 1913, pyrene 1 (Fig. 1) and
its derivatives have attracted much attention of scientists, primarily
due to their blue emissive property, good hole-transporting ability
and their application in organic electronics, such as organic light-
emitting diodes (OLEDs), light-emitting electrochemical materials,
solar cells etc.’3Salient features of pyrene are that its T -system
their

moderately long fluorescence lifetimes, and excimer formation.>

does not require protection during functionalization,*

However, there are two major drawbacks of pyrenes when used in
organic fluorescent materials, (i) the absorption and emission of the
pyrene fluorophore lies in the near-UV region, whereas a good
optoelectronic device emits in the visible region and (ii) excimer
formation occurs in concentrated solutions or in the solid state
which decreases or quenches the fluorescence intensity, with a the
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large red-shifted emission.®8This common phenomenon is defined
as aggregation-induced quenching (ACQ). For example, PAH-based
luminogens like pyrene and its derivatives emit deep blue emission
with high quantum yields at low concentrations, which has limited
its application as an efficient solid emitting material.2°
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@

Figure 1. The molecular structure of pyrene 1.

The intrinsic properties of pyrene alone do not make it a good
candidate for light emitting devices, however, the ACQ effect of
pyrene has been overcome by introducing bulky groups with long
alkyl chains which enhances the fluorescence quantum efficiency in
OLEDs and also reduces the aggregation of the final material.2 For
example, a 1,3,6,8 substituted pyrene based conjugated molecule
such as 1,3,6,8-tetrakis(4-butoxyphenyl)pyrene exhibits an active
emitting layer in simple solution-processed OLEDs producing deep
blue emission (CIE = 0.15, 0.18) and maximum efficiencies and
brightness levels of 2.56 cd A1 and 5000 cdm2.11

Experimentally, the planar structure of pyrene prefers to adopt a
close-packing form in the aggregation state. The m—m stacking
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interaction prompts the formation of detrimental species as
excimers, resulting in the observed ACQ effect. Pyrene-based highly
efficient emitting materials can be obtained by introducing various
substitutions at the 1-, 3-, 6-, and 8- positions of the pyrene core.?
Generally, these four positions are significantly more active than
the other positions (the 4-, 5-, 9-, and 10-positions or the 2- and 7-
positions) and it is not easy to directly substitute at these latter
positions versus the 1-, 3-, 6-, and 8-positions.® Theoretically, the
energy of the 1-, 3-, 6-, and 8-positions are lower by 8.8 kcalmol!
than the 2- and 7-positions, and the substitution order follows the
trend 1->8->6->3-.12Pyrene can be easily modified at the 1-, 3-, 6-
and 8-positions to form mono-, di-, tri- and tetra-substituted
derivatives'®> in a manner that can hinder m—m interactions to
effectively suppress the excimer formation.’* The introduction of
bulky groups at the 1-, 3-, 6- and 8-positions of pyrene lead to a
shift in the main absorption and emission bands into the visible
region due to the extension of the m-conjugation system. On the
other hand, as the nodal plane of pyrene passes through its carbon
atoms at the 2,7-positions in the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO),
substituents at these positions will interact weakly with the central
core.’>For example, the uridine ring exhibited a weak electronic
interaction with the pyrene core when it was substituted at the 2-
position instead of the 1-position.® Thus, our group has previously
focused on synthetic methodologies for the functionalization of the
pyrene core to suppress the ACQ effect based on its special
electronic structure, and numerous novel synthetic routes for the
functionalization of the pyrene core have been explored. Examples
include tert-butylation, electrophilic substitution, formylation,
halogenation, oxidation, and borylation. Moreover other research
groups have also attempted to explore a wide variety of methods
including physical, and engineering approaches and processes, but
the results to-date are far from satisfactory.'”

1.2. Pyrene-based aggregation-induced quenching luminogens

The design and synthesis of efficient, stable pyrene-based
fluorescent materials has been an active topic in the area of organic
light emitting diodes (OLEDs).'81%However, the -
aggregates/excimers in concentrated solution and the solid state,'®
lead to the formation of m-aggregates/excimers and subsequent
quenching of fluorescence with low photoluminescence (PL)
quantum yields (Fig. 2).2921As a result, much effort to improve the
photophysical properties of pyrene has been conducted.'?2? Thus
far, the pyrene derivatives that have been reported still present
some degree of fluorescence quenching in the solid state.!'®
Therefore, the preparation of compounds based on pyrene that
emit efficiently in the solid state remains an attractive objective.

Research to modulate the photophysical properties of pyrenes to
enhance fluorescence both in solid and (or) in thin film is currently
being conducted.??> Using synthetic methods for the
functionalization of the pyrene core, 1-substituted, 1,3-di-
substituted-, 2,7-di-subsituted-, 1,3,6,8-tetrakis-substituted-,
1,3,5,9-substituted-,  4,5,9,10-substituted-pyrenes have been
explored. However, all of above-mentioned compounds are ACQ
compounds, because of the low quantum yields in the solid (film)
state compared to those in solution. For example, 1,3,6,8-
tetraphenylpyrene (TPPY, Fig. 2) is highly fluorescent (® ca. 0.9) in
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solution and the organic light emitting field-effect transistor devices
(OLEFET) based on TPPY have been shown to exhibit
electroluminescence (EL) with an external quantum efficiency of
only 0.5% due to aggregation.?*6Thus, conventional dyes suffering
from the ACQ effect may not be suitable for constructing highly
efficient non-doped OLEDs. However, materials with non-planar
propeller shape molecular structures exhibiting aggregation-
induced emission (AIE) characteristics may be an ideal choice for
non-doped OLEDs.

Figure 2. Chart of the molecular structures of pyrene-based blue
emitters with the ACQ feature.?20

1.3. Aggregation-induced emission

It is essential for organic luminescent materials to exhibit
excellent optoelectronic properties (such as high fluorescence, good
electronic/hole mobility etc.) for potential application in organic
electronics, especially in solid state or the aggregated state. Tang et
al. observed an abnormal photophysical phenomenon in
hexaphenylsilole (HPS) in 2001 (Fig. 3), whereby weak emission was
present in solution but enhanced emission in the solid state.?®> This
phenomenon was the term as “aggregation-induced emission” (AIE),
and the discovery of AIE solved the ACQ effect of traditional
luminophores.?°> Recently, the AIE concept was widely accepted in
the scientific community and more than 40000 papers on AIE

research have been published, including on siloles,?®
tetraphenylethane (TPE),’ 9,10-bis(p-dimethylaminostyryl)-
anthracene  (9,10-MADSA),2¢  1-cyano-trans-1,2-bis-(40-methyl

biphenyl)ethylene (CN-MBE),?°
(DPDSB) derivatives,3°
derivatives:3!

2,5-diphenyl-1,4-distyryl-benzene
diphenyldibenzofulvene(DPDBF)
conjugated polymers,3?
borondipyrromethene(BODIPY) derivatives,>® triazoles,?* and
others.3>36
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Figure 3. Fluorescence photographs of solutions and suspensions of
hexaphenylsilole (HPS; 20 mM) in THF/water mixtures with
different fractions of water. Reproduced from ref. 25d. Copyright
(2014) Wiley-VCH.

Different hypotheses have been put forward for AIE mechanisms,
such as J-aggregates, excited state intramolecular proton transfer
(ESIPT), twisted intramolecular charge transfer (TICT) etc.” The
restriction of intramolecular rotations/motion/vibrations
(RIR/RIM/RIV) was widely accepted to explain the AIE mechanism.
Take hexaphenylsilole (HPS) as an example, the six peripheral
phenyl rotors were dynamically rotated relative to the central of
silole, around the C-C or C-Si bond. The rotation of the aromatic
rotors generally destroys the excitons in a non-radiative mode in
the solution state; Upon aggregate formation, the emission
intensity of AIEgens would be enhanced by the restricted
intramolecular rotation (RIR), which blocks the non-radiative
pathway for the excitons to decay with the activated radiative
transition, thus the radiative decay of the excited state becomes
dominant, rendering the luminogens emissive. As a consequence,
the fluorescence quantum yields of siloles in aggregates is two
orders of magnitude greater than in solution due to the restriction
of intramolecular rotation (RIR) of the chromophoric compound.?®

1.4 Jablonski diagram

A molecule in the excited state can decay in several ways as shown
in the Jablonski diagram (Fig. 4).3Relaxation to the ground state
from these excited states occurs by a number of mechanisms that
are either radiation-less, in that no photons are emitted, or involve
the emission of a photon. The most likely pathway by which a
molecule relaxes back to its ground state is that which gives the
shortest lifetime for the excited state, of the order of 10715s.38,

By a combination of internal conversions and vibrational
relaxations, a molecule in an excited electronic state may return to
the ground electronic state without emitting a photon. A final form
of radiation-less relaxation is an intersystem crossing in which a
molecule in the ground vibrational energy level of an excited
electronic state passes into a high vibrational energy level of a
lower energy electronic energy state with a different spin state. For
example, an intersystem crossing between a singlet excited state
(S1), and a triplet excited state (T:). Fluorescence (S1=> So + hu)
occurs when a molecule in the lowest vibrational energy level of an
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excited electronic state returns to a lower energy electronic state
by emitting a photon.
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Figure 4. Jablonski diagram of the relevant photophysical processes
in luminescence materials.

Phosphorescence (T1=>Se+hu) is most favourable for molecules that
have n—mn* transitions, which have a higher probability for an
intersystem crossing than do m->m* transitions. Delayed
fluorescence results from two intersystem crossings, first from the
singlet to the triplet, and then back to the singlet state
(5191-1951950 + hU).

The intensity of fluorescence or phosphorescence I, is proportional
to the amount of radiation from the excitation source that is
absorbed and the quantum yield for fluorescence.

1=k @ (Ag-A)---mmrmmrmmmmmemaen (i)

where k is a constant accounting for the efficiency of collecting and
detecting the fluorescent emission. From Beer’s law we know that

Y/ VR [0} C——— (i)

where ¢ is the concentration of the fluorescing species. Solving
equation (ii) for A and substituting into equation (i) gives, after
simplifying

=k QAG(1-10785€)--mmmmmmmmmmmee (iii)
For low concentrations, where ebc is less than 0.01, this equation
simplifies to
I =2.303 kdDAoebc ------------—-- (iv)

According to the Jablonski diagram, upon aggregate formation, the
emission of AlEgen is induced or revitalized by the specific effects of
the RIR/RIM/RIV/ESIPT the highly twisted molecular
conformation that destroys the intermolecular m-m stacking
interactions.?>26 We will first carefully elaborate on the working
principle of AIE and then demonstrate how to transform traditional
ACQgens into new AlEgens, followed by the presentation of a series
of new AlEgens derived from the RIR/RIM/RIV principle (Fig. 5).
Finally, we will recap the research efforts devoted towards the
exploration of technological applications of the new pyrene based
AlEgens. To understand the mechanisms of AIE phenomena is of
great importance to the quest for fundamental knowledge of
photophysics, and just as crucial, it will guide our endeavors to

and

design novel pyrene-based AIE luminogens, and to explore practical
applications and technological innovations. Since the arrival of the
AIE concept in 2001, researchers have shown persistent thirst for
learning what are the real mechanistic causes for the AIE
phenomena.?>2Herein, we will summarize new pyrene luminogens,
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and more importantly, discuss a feasible method to realize the
transformation of pyrene-based ACQ luminogens to AIE. The
excellent optical properties of pyrene-based AlEgens for potential
applications in organic semiconductor devices in biochemistry will
be discussed, as well as recent developments in the area of
chemisensors.

How to transfer the pyrene-based ACQgen to AlEgens? O

twist units
) e YO
SCR >
O mechanisms RIR

ACQ

AlEgens

Figure 5. Schematic diagram of pyrene based AlEgens possessing
bright emission.

2. Pyrene-based aggregation-induced emission
luminogens

2.1 Pyrene core AlEgens

Since the emission of pyrene 1 is either weak or quenched in the
solid state due to its planar structure with a large m-conjugation
system, an effective approach to overcome this is the incorporation
of bulky substituents or a spiro framework at the periphery of the
pyrene core in order to inhibite the m—m interactions, leading to a
highly emissive solid state. Arylsilyl substituted pyrene derivatives 2
and 3 were synthesized via Suzuki-Miyaura/Sonogashira-Hagihara
cross-coupling reactions with corresponding with silyl-terminated
group at the 1-, 3-, 6- and 8-positions. Triphenylsilylphenyl
substituted pyrene 2 exhibited intense emission at 440 nm in the
film with a high fluorescence quantum yield (®s = 0.65); whereas
triphenylsilylphenyl (ethynyl) substituted pyrene 3 showed an
excimer emission with low @ both in THF solution (0.50) and as a
(0.16).3°Despite  the the  bulky
tetraphenylsilylethynyl groups in 3, the pyrene moieties can clearly
still interact in an orthogonal orientation. The DFT geometry
optimization predicts that the incorporation of the coplanar
phenylethynyl substituents in the structure of 3 results the Si atoms
being 8.77 A from the 1-, 3-, 6-, and 8- carbon atom positions,

film introduction  of

rather than 6.21 A, as is the case in the structure predicted for 2 (Fig.

6).39
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Figure 6. Structures of 2 and 3 calculated by DFT methods.
Reproduced from ref.39.

The longer distance between the Si atoms and the 1-, 3-, 6-, and
8-positions on the outer perimeter of the pyrene mn-system,
probably enables significant m-m interaction to occur between
neighboring pyrenes. Although the pyrene possesses a large m-
conjugation planar structure, according to the RIR mechanism, it is
possible to convert the pyrene into a highly-efficient pyrene-based
AlEgen by introducing a twisted fragment, such as TPE or
Triphenylethylene (TriPE) units etc. Zhao first introduced the TPE
units at the pyrene core as peripheral ornaments affording TTPEPy
4 possessing a novel aggregation-induced enhanced emission (AIEE)
effect (Fig. 7) It emitted sky-blue emission (483 nm) with efficient PL
(@=70%) in the solid state, and excellent thermal stability (Td = 485
°C).*The temperature-dependant PL spectrum was measured over
the range 300K to 77K, and the fluorescence lifetime gradually
lengthened from 0.25 ns at 300 K to finally 1.29 ns at 77 K. This was
due to the intramolecular rotations of the TPE blades been greatly
restricted at the cryogenic temperature and that the accompanying
RIR process helped enhance the PL of TTPEPy 4 in the frozen
solution.

(8)
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Figure 7. Structure of 4 and emission spectrum of 4 in THF with
increasing percentage of water. Reproduced from ref. 12.

In addition, the construction of efficient non-OLEDs using TTPEPy
a 4 as blue emitter, that display an excellent current efficiency (nc),
power efficiency (nep) and maximum external quantum efficiency
(Next) up to 12.3 c¢d A%, 7.5 Im Wt and 4.95 %, respectively has been
reported.*® Furthermore, to investigate the relationship between
the molecular conformation,the emission colour and the AIE
properties, Li et al. designed and synthesized two pyrene-based
luminogens, Py-4MethyITPE (5) and Py-4mTPE (6), see Fig. 8. The
differing behaviour is due to the linkage mode at the meta-position
which can twist the molecular structure and provide a new
stereoelectronic effect (Fig. 8). Both compounds exhibit AIE and
AEE effects, although they have minor differences in their
structures, 41 for example the torsion angle of 5 between the
pyrene core and the TPE periphery is larger than that of 6 due to
the introduction of the methyl groups. On the other hand, use of
meta linkages on the TPE moieties shortens the m-conjugation
length in comparison with the para linkages and results in the
increased in rotational barriers. The meta linkage is more effective
at controlling the twisted conformation and generating enhanced
molecular rotation. Given this, the compound 6 emitts a more blue
emission at 445 nm compared with 5 which shows an emission

This journal is © The Royal Society of Chemistry 20xx



peak at 459 in the aggregation state. Importantly, when using
compound 6 as emitter, the OLED device exhibits favourable EL
properties with a lower turn-on voltage (3.5 V) and better OLED
performance with values of ncmax, NP,max, and next,max at 4.02
cdAl, 3.08 ImW-1, and 2.5 %, respectively.*1?

Py-4MethyITPE 5 Py-4mTPE 6

Figure 8. Structures of Py-4MethyITPE 5 and Py-4mTPE 6.

It seems that it is an efficienct approach to achieve pyrene-based
AlEgen through integrating pyrene with TPE units. Tao’s groups has
presented two (only one here?) pyrene-based fluorescent
materials, namely 1-[4-(2,2-diphenylvinyl)phenyl]lpyrene (PVPP7),
which was synthesized via the Suzuki coupling reaction with TriPE
units.2%

PVPP 7
(c)
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Figure 9. (a) Chemdraw representation of PVP;;“:Hr:E "("EJ)) molecular
structure of PVPP7. (c) PL spectra of PVPP7 in THF/water mixtures
with different volume fractions of water. (d) PL spectra of TPVPP in
pure THF and in a 90% water/THF mixture. Reproduced from ref.
20b.

Interesting, compound 7 shows a dramatic enhancement of
fluorescence intensity with clear AIEE characteristics. Although the
1,3,6,8-tetrakis[4-(2,2-diphenylvinyl)phenyl]pyrene (TPVPP) with
same triphenylethylene units, which is non-AlE-active compound.
The single crystal X-ray diffraction analysis indicated that the two
terminal phenyl rings in PVPP 7 are almost perpendicular with a
twist angle of 89.3°, and that several intramolecular C-H-mt
interactions are present which can play a significant role in
suppressing the fluorescence quenching of pyrene units in the solid
state (Fig. 9d). The free twisting motion of the 1,1-diphenylvinyl
motif is restricted by the intra- and intermolecular C-H-1t hydrogen
bonds. Thus, the non-radioactive decay channel is closed. More
importantly, the molecular structure of PVPP7 is significantly

This journal is © The Royal Society of Chemistry 20xx

distorted and the twisted geometry can prevent the strong m—m
interactions to produce intense fluorescence in the solid state. Li et
al firstly introduced the twist terminal units at the 2,7-positions of
pyrene to access the pyrene-based AlEgens 8-13 (Fig. 10). In this
case, the AIE building blocks become more and more twisted, and
large blue-shifted emission is achieved on moving from Py-2mTPE 9
(460 nm) to Py-2NTF 12 (456 nm) and to Py-2TF 13 (444 nm).*1b

Figure 10. Structures of Py-2pTPE 8, Py-2mTPE 9, Py-2TP 10, Py-2TF
11, Py-2NTF 12 and to Py-2F 13.
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Figure 11. PL spectra in THF/H,O mixtures with different water
fractions:(A) Py-2pTPE 8, concentration (mM): 12.0; excitation
wavelength 330 nm; (B) Py-2TP 10, concentration (mM): 14.0;
excitation wavelength 300 nm. Inset: Photos of Py-2pTPE 8 and Py-
2TP 10 in THF/H,0 mixtures (fw = 0 and 99%) taken under the
illumination of a 365 nm UV lamp. Reproduced from ref. 41b.

Wavelength (nm)

Py-2NTF 12 exhibited a blue-shifted absorption compared to Py-2F
13, owing to the weak conjugation at the 9,9"-positions in the
fluorene (13 does not contain fluorine see need to be clearer
here)as well as the severely twisted conformation of this linkage
mode. There was little difference between Py-2NTF 12 and Py-2TF
11 in the UV absorption spectra due to the non-conjugated 9,9'-
positions of fluorine??. In detail, for Py-2pTPE 8 and Py-2mTPE 9,
which consisted of typical AIE units of tetraphenylethene shows
typical AIE characteristics (that show a non-emissive —in pure THF
solution but a strong fluorescence in the aggregation state.).
Interestingly, for Py-2pTPE 8 (Fig. 11), as the water fraction was
varied over the range 30% to 50%, it exhibited a deep blue
emission which peaked at about 450 nm. The luminescence
intensity increased gradually, and reached a maximum at 50%
water fraction. However, when the water fraction increased to 60%,
only very weak luminescence was observed and its emission peak
was red-shifted to about 494 nm. This abnormal phenomenon
originated from the transition of the crystalline state to an
amorphous state.*1b

More recently, the group of Tang reported a new strategy to
achieve white-light emission from single tetraphenylethylene
substituted pyrenes (TPE-Pys) 14-16 with aggregation-induced
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emission (AIE) characteristics (Fig. 12).42 These molecules exhibited
tunable emission from blue (474 nm) to yellow (531 nm) both in
solution and in the solid state. Specially, 14c and 16 emitted a dual
fluorescence at around 436 nm and 538 nm in a water fraction of
80% appears to result in a and a warm white light with a CIE of
x=0.30,y= 0.41.“2These = compounds emit  white-coloured
fluorescence in THF/water mixtures. Indeed, these are rare
examples of white-light emission achieved from a single AlE-active
molecule via the control of its aggregated state emission by tuning
the composition of the solvent mixture.

14 a; R,=R,=OCH,CH,
b; Ry=R;=N(CH,CHs),
¢; Ry=H, R,=N(CH,CH),

Figure 13. Single crystal structure of 16: (a) face-to-face pattern of
pyrene moieties separated by TPE units and (b) head-to-tail packing
mode with multiple C-H--Tt interactions with a distance of 2.83A.
Reproduced from ref. 42.

A single crystal X-ray diffraction study indicated that compound
16 adopts a twisted conformation andrevealed that the torsion
angle between the terminal pyrene ring and the benzene ring of the
TPE is 48.6° (Fig. 13). The molecular motion of the TPE moiety is
suppressed by multiple intramolecular C—H-mt interactions with
distances of 2.75-2.95 A. The pyrene rings are arranged in a head-
to-tail fashion and are separated by the TPE units at a large
distance of 8.08 A. This prevents their m—nt stacking which would
guench the light emission. Multiple C—H-t interactions are formed

6 | J. Name., 2012, 00, 1-3
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in the crystal lattice which effectively restrict the phenyl rings of
TPE from undergoing intramolecular motions. The non-radiative
decay pathways are blocked to allow 16 to emit intense light in the
aggregated state. %2

2.2. TPE-like Pyrene-based AlEgens

Tetraphenylethylene (TPE) has attracted much attention because it
possesses advantages such as efficient solid-state emission, facile
synthesis and ease of functionalization.*3>4* More importantly, TPE is
a promising candidate to convert conventional ACQ chromophores
AlEgens  with
properties.*> Given their outstanding AIE properties, much effort

into effective excellent photoluminescence
has been devoted to developing TPE-like based AlEgens which are
expected to have large m-conjugation as well as enhanced emission
behaviour in solid state. The main approach to obtain efficient solid
photoluminescence is to replace the phenyl rings of TPE by
polycyclic aromatic hydrocarbons (PAHs) which introduce increased
m-conjugation into the system. To date, several TPE-based AlEgens
with notable solid-state emission have been developed.*®
Researchers have speculated whether a tetra(polycyclicaryl)ethene
with excellent solid-state emission can be obtained by carefully
selecting PAHs as substituent groups. These PAHs not only have an
enlarged mn-conjugated

hindrance to restrict the formation of m-stacking.

system but also have effective steric

TPPyE 17

DPDPYE 18
Figure 14. Structures of 17,18.

To verify this assumption, scientists have utilized many PAHs
such as pyrene, fluorene, naphthalene, biphenyl etc to assemble
tetra(polycyclicaryl)ethene.*’Zhao et al. reported two pyrene-
substituted ethenes, namely TPPyE17 and DPDPyE18 (Fig. 14),
where the phenyl ring of TPE was replaced by a pyrene ring.
Unexpectedly, both the TPE-like pyrene-based dyes exhibited clear
AIE features and were weak emitters in solution, but they became
strong emitters when aggregated in the condensed phase.*%@ The
crystal packing indicated that the intramolecular rotation was
suppressed by m-m stacking and multiple C-H-Tt interactions.
These structural features block the non-radiative energy decay
channels, and allow for intense emission in the solid state.

£ (vol %)

a]

PL intensity (au)

400 450 500 650 600 650 700
Wavelength (nm)

Figure 15. Crystal structure of 19 and PL spectrum of compound 19
in THF/water mixtures with different water fraction (fw). Inset:
photos of compound 19 in THF/water mixtures (fw = 0 and 90%)
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under UV lamp illumination. Excitation wavelength: 370 nm.
Reproduced from ref. 47.

Furthermore, using TPPyE17 and DPDPyE18 as high-efficiency
emitters, green OLEDs were fabricated with maximum luminance
and power, current, and external quantum efficiencies of 49830 cd
m2,9.2Im W1, 10.2 cd A and 3.3% respectively. To investigate
the effect of substituent size on molecular rotation, Ni et al
reported tetrakis(4,5,9,10-tetrahydropyren-2-yl)ethene 19, which
exhibits clear AIE characteristics.*’ The fluorescence quantum vyield
of tetrakis(4,5,9,10-tetrahydropyren-2-yl)ethene 19 in a solid film is
up to 74.1%. A crystal structure analysis indicates that there are no
ni-stacking interactions present (Fig. 15). This study reveals that
when constructing aggregation-induced emission molecules using
substituent groups with expanded m-conjugation, introduction of
appropriate steric hindrance on the substituent groups can
effectively restrict the formation of excimers. Meanwhile, hydrogen
atoms from the ethylidene groups of compound 19 tend to interact
with the m-cloud center of the closest two phenyl rings from the
adjacent molecules and these multiple C—H-T interactions rigidify
the molecular structure and restrict the rotation of 19, thereby
making a valuable contribution in
excimers. Thus, compound 19 exhibited high emission in the solid
state with a high quantum vyield (74.1%) compared to that observed
in THF solution (1.25%).47
On the other hand, it is an efficient approach to construct AlEgens
by expanding the m-conjugation of ethene derivatives using pyrene
units. Li et al. further published a series of efficient ITPE-like (is this
supposed to say TPE-like) pyrene-based blue materials 20-25 with
an AIE building block acting as the core and pyrene as a peripheral
group. These compounds showed enhanced hole-transporting
ability, achieving a good interaction between pyrene substituents
(Fig. 16).98

avoiding the formation of

PE-2Py(p,1) (20)
PE-2Py(m,1) (21)

TPE-2Py(p,2) (22)
TPE-2Py(m,2) (23)

Figure. 16. Structures of 20-25.

TPE-2Py(p,4) (24)
TPE-2Py(m,4) (25)

The effect of substituent position on the emission colour and
electrocluminescence were investigated by modifying the linkage
modes of TPE (para to meta-position) and pyrene units (1- to 2- to
4- position). All of these pyrene derivatives exhibited apparent AIE
characteristics and comparable EL performances in their OLED
devices. When the pyrene units were attached at the meta-
position of TPE, the PL emissions were tuned to deep blue (452 nm)
in the solid state,*® with that at the pyrene 4-position producing a
better deep blue emitter than the 1- or 2- substituted pyrenes.
Using TPE-2Py(p,4) 24 as a hole-transporting material, the resulting
blue OLED device exhibited excellent EL performance with a
current efficiency and external quantum efficiency up to 4.66 cdAl
and 2.79% respectively at the CIE coordinate of (0.16, 0.21).8
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Furthermore, Yanget et al reported the highly efficient blue emitter
TPE-4Py26 with an AIE effect, which is achieved by a combination of
twisted tetraphenylethene (TPE) core and planar pyrenes on the
periphery.*Its EL efficiency was enhanced in doped OLEDs, at high
doping concentration (50%), with a current efficiency up to 4.9 cdA-
1 at 484 nm (Fig. 17). The twisted conformation of 26 led to weak
conjugation as well as blue emission. Furthermore, the n—mt stacking
was effectively restricted, which resulted in an abnormal AIE effect.
The optimized structure revealed a heavily twisted conformation
with a torsion angle of about 50° for the TPE, while the dihedral
angle between the pyrene and the adjacent phenyl ring was as wide
as 60°.4°

10,000

8000
AN —_
/j;jj/ﬁ =
A A s

/\)"\/L > 6000
\ i :
2

[ < 4000
(] £
C 3

Jr o 2000

(A)
0

400 450 500 550 600
Wavelength (nm)

Figure 17. (A) Molecular structure of TPE-4Py 26; (B) The PL spectra
of TPE-4Py 26 in THF/H,O mixtures with different water fractions.
Concentration: 10 pM; excitation wavelength: 330 nm; inset:
photographs of theTPE-4Py 26 in THF/H,O mixtures (fw = 0% and
90%) taken under the illumination of a 365 nm UV lamp.
Reproduced from ref. 49.

2.3. Non-typical Pyrene based AlEgens

A study of vinylene-based materials revealed that the vinylene bond
geometry plays an important role on the emission.>? For example,
the cis-isomer in poly(p-phenylenevinylene) (PPV) molecules
generally possesses weak luminescence.®’However,
placement of cis-olefin linkages along the PPV chain significantly
increases the luminescence efficiency. For vinylene-based
chromophores with an AIE or AIEE property, most tend to adopt the
trans-isomer conformation.>According to the RIR mechanism, the
C=C bond is used for constructing the AIE molecular?. For example,
1-[(9-anthracenyl)vinyl]pyrene (AVP) based AlEgens trans-AVP 27
and cis-AVP 28 are presented in Figure 18, and although the large
planar structure of the pyrene and anthracene are both ACQ active,
the anthracene ring was connected to a pyrene unit via a vinyl
bridge and shows a clear AIEE characteristic with the two isomer
conformations in the crystalline state.>?

The quantum yield of trans-AVP 27 and cis-AVP 28 are 54.0% and
36.0% in the solid state versus in solution 15.0% and 17.0%,
respectively. The interacting adjacent molecules in crystals of trans-
AVP 27 adopt both edge-to-face and face-to-face arrangements. In
contrast, in crystals of cis-AVP 28, the adjacent molecules are
inclined to adopt an edge-to-face arrangement and the molecular
packing plays an important role in the solid emission efficiency.>?
Similarly, Li et al systematically investigated the substituent
position and the vinylene bond geometry on the AIE features and
the fluorescence solvatochromism. The structure of the (9-

random
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Anthryl)vinyl(1-pyrenyl)vinylbenzene isomers 29-32 are presented
in Figure 19.53

L

trans-AVP 27

SO X
4 00 5
‘:1*

cis-AVP 28

Figure 18. Structures of (A)trans-AVP 27 and (B)cis-AVP 28, and
their crystal packing.

Due to the differences in the molecular conformations, the series
of compounds exhibit different fluorescence properties.
example, the trans,trans-1-(9-anthryl)vinyl-4-(1-pyrenyl)-
vinylbenzene (trans,trans-1,4-AVPVB 31), shows unusual AIE
characteristics with fluorescence solvatochromism and emission
shifts of over 80 nm, whilst trans,trans-1-(9-anthryl)vinyl-3-(1-
pyrenyl)-vinylbenzene (trans,trans-1,3-AVPVB 30) exhibited a weak
solvatochromic effect due to the meta-substitution which emits
most efficiently in solution. In addition, the trans,trans-1,2-AVPVB
29 and trans,cis-1,4-AVPVB 32 display moderate fluorescence and
solvatochromism.

For

trans,trans-1,4-AVPVB 31
Figure 19. Structures and fluorescence images of the 29-32 in

CH,Cl; solution (upper) and as solids (lower) (from left to right)
under illumination with a 365.0 nm UV lamp.

trans,cis-1,4-AVPVE 32

Theoretical calculations indicate that the fluorescence
solvatochromism is related to the conformational change from the
ground to the excited states due to the conjugate effect. An X-ray
diffraction study revealed that the dihedral angle (53.98°) between
the pyrenyl and the central benzene ring in trans,cis-1,4-AVPVB 32
is higher than that observed for trans,trans-1,4-AVPVB 31 (22.46°),

which is due to the strong intramolecular C-H--1t steric hindrance

8 | J. Name., 2012, 00, 1-3

between the pyrenyl ring and its adjacent phenyl in trans,cis-1,4-
AVPVB 32. Therefore, the trans,trans-1,4-AVPVB 31 molecule is
more planar and has better nm-conjugation than does trans,cis-1,4-
AVPVB 32.53
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Figure 20. Structures of 33.(a) Emission of 33c in 1,4 dioxane/water
system. Reproduced from ref. 54.

On the other hand, a-cyanostyrenes of type 33 bearing a pyrene
scaffold are weakly emissive in solution but show broad red-shifted
emission in water due to aggregation (Fig. 20).>* mMethoxy
substituted pyrenyl styrenes (33b and 33c) exhibit a broad emission
peak (~550-560 nm) with a shoulder peak (~460 nm) in polar
acetonitrile. In the solid state, 33a shows a clean emission spectra
with maximum peak at ~510 nm, while 33b and 33c exhibit a noisy
emission spectrum with bands at ~495 nm and at ~530-540 nm,
respectively. The presence of the methoxy groups led to the
formation of uniformly shaped aggregates and the resulting unique
emission behaviour.>*On the other hand, the emission of 33c
exhibited a bathochromic shift in different water fraction peaks
(Aem = 516 nm in fw = 60%, Aem = 535 nm in fw = 90%,Akem = 550 Nm
in fw = 100%),due to the formation of J-aggregates dominated by
head to tail interactions.

2.4. Pyrene-based chalcone AlEgenyrene-based chalcone
derivatives, formed by combining chalcone units with a pyrene core,
exhibit special optoelectronic properties, due to a push-pull
conjugation effect that improves the luminescent properties and
redox activity, whilst the o,B-unsaturated ketone linkage enhances
the non-linearity.>>*The molecular structure of such pyrenes
consists of a donor with an electron-deficient keto vinyl (acceptor)
linkage, which helps construct a D-m-A type conformation, which is
responsible for the interesting AIEE/AIE features which enhance the
luminescence properties of these materials. For instance, the four
chalacone dyes 34-35 emitted yellow-green light in the solid state,
and showed a large Stokes shifts versus their solution
behaviour.>*The fluorescence spectra of the methoxy-containing
dyes 34a and 35a are found to be blue-shifted by 10 nm relative to
the parent ones and the beneficial effect of the methoxy function
on the degree of aggregation was observed. Quantum yields of
34b (16%) and 35b (19%) were found to be higher in the solid state
than in solution, which thus showed a clear AIEE characteristic.

The X-ray crystal structure of 35b revealed stacks of head-to-head
oriented chromophores (Fig. 21).°>> The case of the dye 35a is
differentfor two reasons, firstly, it forms dimers in which the -
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systems of the pyrene styrenyl units in adjacent molecules are
parallel, oriented head-to-head, and have no = -overlap.

35 a;R=H
b;R=0Me

Figure 21. Crystal packing diagram of 34, 35 illustrating m-mt stacking
interactions. Reproduced from ref. 55.

Secondly, the pyrene moieties of adjacent dimers of the former
type overlap in an antiparallel fashion with an interplanar distance
of 3.489 A. The X-ray structure of 35a reveals the presence of H-
like aggregates,
photoluminescence in these systems as compared to their CH,Cly
solutions (Fig. 21). The X-ray structure of 35b indicates a J-type
aggregation that is not detrimental to the solid-state emission.>®

which may explain the quenching of the

On the other hand, pyrene-based chalcone materials containing
heterocyclic five membered rings (36—37) were synthesized by a
Claisen-Schmidt condensation, and exhibit an aggregation-induced
enhanced emission (AIEE) with dual emissive characteristics in
solution as well as in the SO|Id

w 0% 100%
Figure 22. Photograph on AIEE property of PCT, PCF and PCP in
THF/water mixture different water fractions (Fw = 0-100%) under
illumination of long UV light (365 nm). Reproduced from ref. 56.

10% 20% 30% 40% 50% 60% 70% B80% 90%

Specifically, the compounds 36—37 showed a large tunable colour
emission from green to orange emission depending on the water
fraction in THF/H,O mixture (Fig. 22).5¢In the solid state, three
compounds underwent a red shift of 77 nm, 82 nm and 81 nm of
36a (PCT), 36b(PCF) and 37 (PCP) compared to their solution state,
respectively. Among them, 36b (488 nm) and 37 (486 nm) displayed
a small red-shifted emission wavelength (Amax) than 36a (481 nm) in
to greater
occur

solution.- makes no sense This may be attributed
intermolecular interactions in solid state of 36b which
because of the presence of the more electronegative and efficient
electron accepting nature of the oxygen in furan. In the solid state

This journal is © The Royal Society of Chemistry 20xx

emission spectra, 36a exhibits a maximum emission at 558 nm
whereas 36b and 37 display maxima at 569 and 568 nm,
respectively.>® Compound 36b exhibited greater fluorescence than
36a and 37, which is attributed to intermolecular interactions of
the pyrene unit, namely m-m stacking and a J-aggregation
arrangement.. Indeed, compound 36a (PCT) afforded a good
emission quantum yield of 0.74, whereas for 36b(PCF) and 37 (PCP)
the quantum yields were 0.68 and 0.53 respectively.>®

2.5 Pyrene based AIE active Schiff base molecules

Many scientists are attempting to use the AIE activity of pyrene
derivatives to sense molecules by using push-pull or on-off
procedures. Schiff base AIE systems have been identified on the
basis of intensity turn-on at a specific wavelength.>’ novel pyrene-
based Schiff base derivative 38 was synthesized via a condensation
reaction and utilized as a turn-on fluorescence sensors towards Cu?*
and showed AIE activity in CHsCN and water mixture up to 80% (Fig.
23).°8The PL intensity of 38 was enhanced ca. 630-fold (s = 0.567
in CH3CN:H,0 = 20:80) by increasing the water fraction of H,O from
0% to 90% and with a red-shift from 455 to 471nm. The mechanism
possibly arises from restriction of intramolecular rotation (RIR).
Since, the single bond rotation is mainly responsible for the
dominant non-radiative decay, the RIR effect might be the cause for
the AIE nature of 38. The hydrogen-bond formation, suppression of
the PET process and suppression of charge transfer (CT) or even
intramolecular charge transfer (ICT) are other mechanistic
approaches for this category of AlEgens.>® However, the PL spectra
for 38 suggested that the red shift on aggregation probably
originated from the suppression of the twisted intramolecular
charge transfer (TICT). Various molecules act as turn-on sensors for
a variety of cations and anions based on photo-induced electron
transfer (PET), internal charge transfer (ICT), chelation enhanced
fluorescence (CHEF) and deprotonation mechanisms.>°
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turn-on Blue emission
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Li*, Zn*, Fe®',
Ag”, cr*, ca®’,
cd”, Fe™, Co™,
Hg®', Mg®', Mn*",
Ni**, Pb*, and P1
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Figure 23. (A) Possible proposed binding mechanism of 38 towards
Cu?* ion. (B) Fluorescence emission spectra of compound 38 (10uM)
upon addition of various metal ions. (C) Photographs of 38 and 38 +
Cu?* visualized under UV-light irradiations. Reproduced from ref. 58.

The photophysical properties of 39 revealed that the
fluorescence of this molecule is completely quenched due to photo-
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ARTICLE

induced electron transfer (PET) processes in solution. The
fluorescence intensity remains unchanged over the water fraction
range 0% to 70%. On further addition of water up to 90%, the
emission intensity was enhanced with a red shift (25 nm) from 440
to 465 nm and with a concomitant increase in fluorescence
lifetime.®® This clearly signifies that this molecule exhibited an
aggregation-induced emission (AIE) property.

Intensity (a.u.)

Figure 24.(A) 39 in THF and (B) 39 in THF/water mixture.
Photographs taken under illumination of a UV lamp. (C) Emission
spectrum of 39 in THF with increasing percentage of water.
Reproduced from ref.60.

The AIE behaviour of 39 in the excited state was further
investigated by the time-correlated single-photon counting (TCSPC)
technique and the observed longer fluorescence lifetime is due to
suppression of the PET process caused by aggregation of the 39
molecules.®® Thus, the mechanism of AIE for this molecule is
suppression of photo-induced electron transfer (PET) due to
hydrogen bonding interactions of the imine donor with water.
Tunable pyrene based benzohydrazonate molecules of type 40
exhibit drastic aggregation-induced colour changes (AAemmax ~130
nm) with high solid-state quantum yields (~54.5%). The exciting
switch behaviour is triggered by intermolecular hydrogen-bonding
via the carbohydrozone bridge, which leads to stop the molecular
conformations? (Fig. 25).61 Upon increasing the amount of water in
the DMF solution, the absorption did not significantly change until
the water fraction reach 90% for (R=H) and 80% for (R=Cl, OMe),
whereupon aggregation was initiated. The solid compounds 40
(R=Cl, OMe) revealed red-shifts of 54 nm and 42 nm compared to
the spectra of the monomer state. — solid v monomer??
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Figure 25. Structures and PL spectra of 40 in DMF/H,0 mixtures
with different volume fractions of H,O. Inset: Emission colour
change from blue to yellow in aqueous DMF with f,, = 0-90% under
365 nm UV light. Reproduced from ref. 61.

Furthermore, compound 40 exhibited mechanochromic properties
upon exogenic action. The blue-emitting pristine solids were
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converted to yellowish green emitting solids and the emission peaks
exhibited varying degrees of red-shift. The pyrenyl-substituted
acylhydrazone 41 derivative also exhibited favourable multiple
luminescent switching mechano-fluorochromic behaviour. In
particular, fluorescence colour changes visible by the naked eye, as
well as emission that could be reversibly switched between a blue
and a green colour as shown in Fig. 26.52 By contrast, xerogel 41
obtained from DMSO revealed mechanofluorochromic behaviour,
with the maximum emission peak shifted from 458 nm to 514 nm
upon grinding. However, for 41 precipitated from THF, no

mechanofluorochromic behaviour was observed. The different
luminescent properties of 41 are attributed to the switch of the
self-assembled structures via
which impacted on
molecules, and thus the conformational flexibility of the pyrenyl
moieties was restricted.®?

intermolecular hydrogen bonding
the translational and rotational motion of

Figure 26. Emission spectra of 41 in 90 % of water (a) and THF (b).
Photographs of emitting samples upon 365 nm UV illumination (c)
xerogel 41, (d) ground xerogel and (e) after annealing treatment .
Reproduced from ref.62.

Two novel pyrene containing monomeric and dimeric Schiff base
derivatives 42 and 43 were reported to show AIEE activity in DMSO
upon addition of H,O over the range 0% to 90% (Fig. 27).63

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

Figure 27. (A) — no A above! The structures of 42 and 43, (B)
photograph of the aggregation induced emission of 42 and 43
visualized under UV-irradiation (I = 365 nm). (C) Fluorescence
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images of Raw264.7 cells treated with 42 and 43 at 12 hours.
Reproduced from ref. 63.

Both 42 and 43 were also good sensors for trivalent metal ions
(Fe3+, Cr3* and Al3*) in living cells, for example, when Raw264.7 cells
were incubated with 42/43 (10 mM in DMSO), no fluorescence was
observed over 30 minutes. However, bright/dismal? blue
fluorescence images were observed for the Raw264.7 cells after 12
hours due to intracellular H,0 induced aggregation. The bright cell
image of 42 at 12 hours is due to the greater intracellular
penetration of the free thiol unit, which is superior to the
disulphide containing 43.5°Both 42 and 43 showed “off-on’’ sensing
at highly acidic pH values (1-3)and were employed for live cell
applications.®3

2.6 ESIPT based AlEgens

Excited-state intramolecular proton-transfer (ESIPT) compounds
have attracted attention due to their interesting and quite unique
emission properties. Essentially by introducing aggregation-induced
emission (AIE) phenomenon and excimer formation ability into
molecular systems has provided the scope for dual emission. By
contrast, ESIPT coupled-AIE phenomenon operate as an additional
handle to adjust the emission wavelength of the corresponding
emission peak by varying the solvent polarity.

*
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Figure 28. Four level schematic diagram of ESIPT.

The development of ESIPT molecules as probes is rapidly growing
given the recent interest in their photophysical properties, such as
unusually large Stokes shifts and outstanding environment-
sensitivity that can readily be monitored by spectral changes.®* It
should ne noted that ESIPT molecules exist exclusively in an enolic
form (E) in the ground state. Upon photoexcitation, extremely fast
tautomerism from the excited enolic (E*) to the excited keto (K*)
form occurs on a sub-picosecond time scale. After decay of K* to
the ground state, the K form transforms to the initial E form
through reverse proton transfer mediated by intramolecular
hydrogen bonds (Fig. 28).The different species between absorbing
and emitting in the intrinsic four-level photocycle (E-E*-K*-K) offer
a high probability to address the disadvantage of fluorescence
concentration quenching that is suffered by almost all of the
currently available luminescent probes. On the other hand, ESIPT
involves a proton-transfer process that is easily affected by changes
in the surrounding conditions, leading to sensitive spectral
responses. A single and broad emission peak because of a
complete ESIPT is observed in polar solvents, while in non-polar
solvents, conversion of the enol into the keto form is incomplete.
The J-type aggregate effects may block the molecular motion and
facilitate the ESIPT emission in the solid state / aggregated state.

This journal is © The Royal Society of Chemistry 20xx

Samanta et al. designed a simple AIE-ESIPT coupled organic
molecule bearing a suitable fluorophore for achieving tuneable
white light emission.®> The designed molecule 44 was found to be
very weakly emissive in pure methanol, but this was enhanced in
methanol-water mixtures with large water contents (Fig. 29).
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Figure 29. Structure of 44 and fluorescence spectra (10 mM) upon a
change in the water fraction of a methanol-water mixed solvent;
Aex = 380 nm;. Reproduced from ref. 65.

A pyrene based fluorescent probe, 3-methoxy-2-((pyren-2ylimino)
methyl)phenol 45 (Fig. 30), was found to exhibit high sensitivity and
selectivity toward Al3* over other relevant metal ions and also
displayed novel aggregation-induced emission enhancement (AIEE)
characteristics in its aggregated/solid state.®® This material could
sense AP* in a 1:1 mode by signaling a significant fluorescence
enhancement with a turn-on ratio of over ~200-fold sensor complex
formation, and excess addition of AI3* dramatically enhanced the
fluorescence intensity over manifold through aggregation. The
origin of such an AIEE phenomena for 45 was due to the single
bond rotation, which is mainly responsible for the dominant non-
radiative decay.® Thus, the RIR of 45 plays a crucial role in the AIEE
characteristics as well as the PET off in the solid state. The same
group also reported the AIEE materials 46 (Fig. 30), which can sense
2,4,6-trinitrophenol (TNP) by PET off and exhibit AIE in the
aggregation state.®’
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Figure 30. Structures of 45 and 46.

2.7 Non-typical
region

Pyrene based AlEgens: modification at the K-

The pyrenoimidazoles 49 and 50 are weakly fluorescent in solution
and their AIE behaviour has been studied in THF—water mixtures
with different water content.®® The poor fluorescence of
pyrenoimidazoles 49 and 50 in THF was enhanced in aggregated
suspension (95% water fraction) by 38 and 9-fold, respectively (Fig.
31). The pristine forms of pyrenoimidazole 49 and 50 absorb at 417
nm and 427 nm respectively, which upon grinding, exhibit
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bathochromic shifts and absorb at 446 nm and 437 nm, respectively.
RIR and XRD studies revealed that a transformation of the twisted
crystalline state to the planar amorphous state.®®

Q O (A) ‘ ‘
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Figure 31. Photographs of 49 (upper) (A) and 50 (lower ) in THF—
water mixtures with different water fractions (10 mM) under 365
nm UV illumination. Reproduced from ref. 68.
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The pyrene-imidazole-based structural isomers, axis symmetric syn-
PyDTI 49 and centrosymmetric anti-PyDTI 50, are non-emissive in
THF but exhibited intense emission in their aggregate states.
Crystalline syn-PyDTI 49 exhibited a 2-fold higher quantum
efficiency than anti-PyDTI 50, and displayed a much better
performance in OLEDs with @ Ncmaxof 11.4 c¢d A™? (8.8 cd A™! for

50).%°
o
\/ o0

50

Figure 32. (A, C) Structures of syn-PyDTI 49 and anti-PyDTI 50. (B, D)
Unit cell structure top views of crystalline syn- and anti-PyDTI.
Where? Reproduced from ref.69.

Comparing the crystal emissions revealed a red-shift for the anti-
isomer 50; that is, the syn-PyDTI 49 crystal exhibited an emission
peak at 465 nm, whereas the anti-isomer 50 crystal displayed an
emission peak at 507 nm. High-quality single crystals of syn- and
anti-PyDTIl emit blue and green respectively under UV light. The
blue-shift observed forsyn-PyDTI 49 was probably associated with
the formation of dimers, which resulted in a flexible geometry and a
decreased conjugation length (Fig. 32).° These observations reveal
the dependence of molecular excited state properties on distinct
symmetries. In years,  pyrene-based,
mechanochromism (MC)-active materials have been reported to

structural recent

have attractive excimer fluorescence in the solid state, which is in
contrast to the frequently encountered ACQ phenomena in planar
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luminogens and offers the possibility to discover ML luminogens
with planar structures.’0-71

An outstanding feature associated with pyrene is its facile and
varied structural modification.: In addition to its four main points of
reactivity, i.e., the 1-, 3-, 6- and 8-positions, recent studies have
revealed that the non-typical K-region (4-, 5-, 9-, and 10-positions)
are also available for further modification.?®7?In contrast to these
recent advances at the 1-, 3-, 6,- and 8-positions, pyrene derivatives
substituted at the 4-, 5-, 9-, and 10-positions (K-region) have been
employed predominantly as synthetic intermediates for fused -
systems.”3 However, only a few studies have examined the effects
of substitution at the 4-, 5-, 9-, and 10- position on the
photophysical behaviour of pyrenes.”*
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Figure 33. Structures of 53-56.

A new design strategy was introduced by the Sasaki group in order
to achieve AIE emission in pyrene chromophores. This was
accomplished by introducing N,N-dimethylamine substituents at
the K-region 4,5-positions of pyrene, , and these are likely to
stabilize the minimum energy conical intersection (MECI).”> Four
pyrene derivatives, which contain highly twisted N,N-
dimethylamino groups at the 4- (4-Py), 4,5- (4,5-Py), 1- (1-Py), or
1,6-positions (1,6-Py) are 53-56 (Fig. 33). The non-radiative
transitions of 4,5-Py 54 are highly efficient (k. = 57.1 x 107 s71), so
that its fluorescence quantum vyield in acetonitrile decreases to
®=0.04.7> The solid-state fluorescence of 4,5-Py 54 is also efficient
(®=0.49). By contrast, 1,6-Py 56 features strong fluorescence
(®=0.48) in solution with a slow non-radiative transition (k. = 11.0
x 107 s71) that is subject to severe quenching (® = 0.03) in the solid
state. The introduction of strongly twisted N,N-dimethylamines at
the 1- and 1,6-positions resulted in intense fluorescence in solution.
These differences are attributed mainly to non-radiative transitions.
A comparison of the k, value of 4,5-Py 54 with its fluorescence
energetics implies the involvement of a special pathway, e.g., a
non-adiabatic relaxation via MECI, for efficient internal
conversions.”> The other derivatives 53 and 55 did not show
noticeable emission changes in solution or the solid state, although
they have AIE activity. The presence of highly twisted N,N-
dialkylamino groups, especially at the 4,5-position, induces fast
non-radiative transitions both in polar and non-polar solvents,
resulting in faint fluorescence in solution.”>
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Figure 34. Emission spectra of 57 in different fractions of water in
methanol and strong m—t interaction between the centroids of the
two pyrene rings in the solid state. Reproduced from ref. 76.

Interestingly, a pyridine unit was introduced at the 1-position of
pyrene, affording 2-(pyren-1-yl)pyridine 57 (Fig. 34).7°This
compound exhibits a typical AIEE feature, and mechanisms were
proposed by RIR, whilst the crystal structure of 57 revealed the
presence of a C-H-Tt interaction at 2.75 A between two of the
pyridine rings which blocks the rotation of the pyridine ring in the
solid state (Fig. 34). Furthermore strong m-m interactions were
observed in the range of 3.53-3.59 A. Such short contacts would
suppress the restriction of movement of the pyridine group in the
solid state, and block the non-radiative pathways and open up new
radiative pathways on progressive addition of water. On the other
hand, the face to face m—m interaction also caused an excimer
emission in the aggregation state or in the crystal state.

§6a;R=H
58 66b; R = Me
58¢: R = TM8

Figure 35. Structure of 58-59.

Interestingly, Dastidar et al first observed the AIE phenomenon in
organic salts. The primary ammonium salts of the pyrene-based
carboxylic acid and histamine 58 (Fig. 35) exhibited an enhanced
fluorescence in the solid state. The N acceptor and N-H donor of the
imidazole moiety form a 3D hydrogen bonding network thereby
imposed RIR in the solid state, and triggering AIE activity in the
pyrene salt 58.77 The pyrene-substituted o-carborane dyads 59 (Fig.
35) were synthesized via the insertion reaction between
decaborane and 1-ethynylpyrene in the presence of a Lewis base by
using the Sonogashira-Hagihara coupling reaction. O-carborane
dyads emits extremely bright light in the solid state (Pp,>0.99).78

This journal is © The Royal Society of Chemistry 20xx

2.8 Pyrene-based hexaphenylbenzene -like AlEgens

As above-mentioned, the steric interaction play a important role
to effect the molecular configuration, as well as luminescence
behavior. For example, the propeller-shaped hexaphenylbenzene
(HPB), consist of six rotatable peripheral phneyl unitswith respect to
the central benzene ring,shows an AEE character.”® Following this in
mind, new Pyrene-based hexaphenylbenzene-like AlEgens were
explored as shown in Figure 36. Two phenyl units were replaced by
pyrene ring, bothanti-60 and syn-60 present novel AIEE
characteristics with a multiple photoluminescence, including
monomer, excimer and CT emission. The multipleemission
mechanismsoriginated from the different spatial arrangements, due
to the presence of large planar structure pyrene unit.8°

Figure 36. The structure of HPB and the pyrene-based
hexaphenylbenzene -like AlEgens 60.

3.0 Possible
AIE/AIEgens

"Touch a stone and turn it into gold": pyrene, a dim luminogen in
solution, is possible to twist into a bright emitter as a solid by
decorating it with suitable groups at different active positions.
Solid-state fluorescent organic materials are essential components
in optoelectronic devices, such as organic light-emitting diodes,
solid-state lasers fluorescent, sensors, organic solar cells (OSCs).8
However, the emission of most fluorescent organic molecules is
effectively suppressed in the solid state, due to aggregation of the
planar m-conjugation systems based on m-m interactions or the
formation of excimers.” As a result, there has been considerable
interest in preparing pyrene-based AlEgens which retain their
photophysical properties in the solid state. Pyrene containing
probes are very topical and remain of widespread interest because
of their fast response via PET and excimer/exciplex formation
towards specific species of interest.8!

applications of pyrene-based

3.1 Organic light emitting diode (OLED)

Pyrene is well known as a good deep blue emitter and is often
utilized to construct blue luminogens.?22:82 An organic light emitting
diode (OLED), also termed organic electro luminescent device
(OELD), is a light-emitting diode (LED)
electroluminescent layer is composed of organic film. This layer of
organic semiconductor material is formed between two electrodes,
where at least one of the electrodes is transparent. The OLED
materials as a flat-panel display, has many unique advantages, such
as low driving voltage, high efficiency, excellent flexibility, vivid

whose emissive
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colour, wide viewing angle. As a consequence, this technology has
been used successfully for solid-state lighting applications. Pyrene is
a promising chromophore with a high fluorescent quantum vyield,
and has attracted considerable interest in the design of small
organic molecules for different applications including OLEDs®3and
organic field effect transistors (OFETs).”%%* For example, the
optimization of non-doped organic light-emitting diodes (OLEDs)
using of pyrene-based 2,7-TPE substituted AlEgens led to emitters
that displayed sky-blue light at 492 nm at a low turn-on voltage (3.1
V) with maximum luminance of 15750 cd m2, current efficiency of
7.34 c¢d Al and with low efficiency roll-off.&>
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Figure 37.

Reproduced from ref.85.

N,N-Di-p-methoxyphenylamine-substituted pyrenes have been
successfully used as a hole transporting materials for perovskite
based solar cells with high efficiency.®® Since pyrene has extensive
n-electron delocalization, it is a fascinating core for developing
fluorescent m-conjugated light-emitting monomers substituted by a
variety of functionalized groups or can be deployed themselves as
substituents and introduced into others molecules to afford blue
EL.
Advantages of pyrene 1 include is its excellent thermal and
chemical stability, but it is not a good candidate for light emitting
devices alone, due to its excimer emission tendency which lower
the fluorescence efficiency.’? However, this limitation has been
overcome by introducing bulky groups with long alkyl chains which
enhances the fluorescence quantum efficiency in OLEDs and also
reduces the aggregation of the final material.?

3.2 Chemosensor

As a classic chromophore, pyrene shows interesting fluorescence
properties and has been used in chemosensors.?328’Pyrene based
AIE/AIEE probe molecules behave as selective and sensitive

detectors of metal ions (Cu?*, Fe3* AI* ), picric acid, H* ions
etC.58'66'67'78

3.3 Organic field-effect transistors (OFET)

The high fluorescence efficiency, electron rich ‘macrocyclic’
conjugation, and high charge carrier mobility all make pyrene a
promising candidate for a variety of organic semiconducting
materials.?8 Pyrene-based organic semiconductors have great
opportunities in OFETs as charge carrier channel layer materials

possessing transport mobility.80.870,89

3.4 Solid state lasers

14 | J. Name., 2012, 00, 1-3

Recently, a considerable amount of effort has been devoted to the
design of laser materials and devices because of their potential
applications.?® Solid-state laser are comprised of a host and an
active ion doped host material. The active ion should have excellent
fluorescent, broad absorption bands, high quantum vyield etc..., and
since pyrene possesses these properties, it is a good candidate for
the design and development of new solid-state lasers.

3.5 Biological applications

Pyrene based AIE compounds show good biological activity against
both Gram-positive (Rhodococcus rhodochrous and Staphylococcus
aureus) and Gram-negative (Escherichia coli and Pseudomonas
aeruginosa) bacteria and also fungal species (Candida albicans).t°
Importantly, AIEE probes can sensor M3+ ions, and their highly acidic
pH sensing ability has been successfully applied in cell imaging and
cell viability analysis..%3 The sensitive and selective detection of
nucleic acids is important in biological studies, clinical diagnostics,
and bio-defence applications and pyrene-based AlEgen have
potential in these fields.!

3.6 Probing critical micellar concentration (cmc)

The critical micellar concentration (cmc) of both ionic and non-ionic
surfactants can conveniently be determined from measurement of
the UV absorption of pyrene in surfactant solution. Surfactants can
assemble in solution and cmc is an important solution property of
surfactants. There are several frequently used methods such as
tensiometry, conductometry, fluorimetry and calorimetry, which
can be used for its determination.®? Spectral methods using dyes as
probes, and self-absorption of amphiphiles in solution are used for
the evaluation of cmc.?® As fluorescent probes, pyrene molecules
has been successfully employed to estimate the polarity level of
micelles as well as the cmc of amphiphiles.®*

4.0 Conclusion

Pyrene is a highly studied fluorophore for a variety of applications.
The basis of this review is based on pyrenes ability to emit
efficiently in the solid state, and recent reports in the literature
revea that is continues to attract the interest of chemists and
those involved in materials science and beyond. As a result, much
effort has been made to improve the photophysical properties of
pyrene. Thus far, the pyrene derivatives that have been reported
still present some degree of fluorescence quenching in the solid
state. However, scientists are anticipating that more efficient and
promising pyrene-based materials with enhanced properties for
various uses will be developed through the AIE strategy. By
modification at its different site, pyrene could be used in different
fields such as an organic light emitting diodes (OLEDs), biosensors,
chemosensors, chiral recognition etc as a solid material. This review
will be helpful to others and stimulate further investigations into
the potential of pyrene-based solid emitters. Such studies will also
shed further light on what are the key roles in the AIE or AIEE
processes.
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