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Resumen

La emision inducida por agregacion (AIE) es un proceso foto-fisico y fotoquimico
inicialmente descrito en 2001. Este fendmeno describe le incremento de la emision de luz
presentada en cierto luminoforos cuando se encuentran en estado de agregacion. En este
trabajo se revisaran los conceptos clave tras el efecto de AIE. También se revisaran los
principales sistemas que presentan este fendmeno, enfocandonos principalmente en las
moléculas que contienen grupos Ciano. Adicional a esto, se busca sintetizar sistemas sistemas
capaces de presentar el fendmeno de AIE y estudiar sus actividades biologicas y luminiscentes
a través de una aproximacion experimental y tedrica. Estos dos sistemas derivados de los
diaminodicianoguinodimetanos (DADQs) seran sintetizados utilizando TCNQ como el
principal reactivo de partida. Para el calculo del rendimiento cuantico se ha utilizado el
método comparativo de Williams en el cual se ha utilizado al 2-(4-(imidazolidin-2-
yl)phenyl)malononitrilo como la muestra de referencia. Adicionalmente, se ha realizado
calculos de DFT para obtener mayor informacion acerca de las capacidades luminiscentes de
las moléculas sintetizadas. Finalmente, la actividad bioldgica de los derivados de DADQs
fueron estudiados por el método de difusion en agar y mediante medidas de densidad dptica

ODsoo usando Escherichia coli (DH5-alpha) como la cepa principal para este estudio.

Palabras clave

Agregacion-inducida por emision, AlEenos, Ciano, quinonas, DADQs, fluorescencia,
luminiscencia, actividad antimicrobiana, rendimiento cuantico, teoria de densidad funcional.



Abstract

The aggregation-induced emission (AIE) is a photophysical and photochemical process
initially described in 2001. This phenomenon describes the light emission enhancement
presented in specific types of luminophores when they get aggregated. In this work, the key
mechanistic concepts behind the AIE effect will be reviewed. The main AIE systems will be
discussed mostly focusing in the cyano-containing molecules. Additionally, the goal of the
work is to synthesize a system capable to present AIE characteristics and study its biological
and luminescent activities through an experimental and theoretical approach. To tackle it, two
diaminodicyanoquinodimethane (DADQ) derivatives were synthesized using TCNQ as the
initial reagent. For the quantum vyield calculations, a comparative approach using 2-(4-
(imidazolidin-2-yl)phenyl)malononitrile as the reference sample was used. Additionally, DFT
were performed to approach all the quantum chemical calculations to obtain a further insight
to the possible reasons of fluorescence enhancement produced in these molecules. Finally, the
biological activity of DADQ derivatives were studied by the agar diffusion and the optical

density measurements using Escherichia coli (DH5-alpha) as the main bacterial strain.

Keywords

Aggregation-induced emission, AlEgens, cyano, quinones, DADQs, fluorescence,
luminescence, antimicrobial activity, Quantum yield, Density Functional Theory
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Introduction — justification

General introduction

Nowadays, light is so important that it is completely unthinkable to live in a world or
society without it. Also, it is of essential importance to the universe and has always been
since the beginning of the time. In these regards, during the history of civilization, men
have worked assiduously to obtain more information and knowledge about it. Albeit,
great advances have been made and a lot of information has been gained, there is still so

much work to do and many things to explore related to this topic.

In general, luminophores are responsible for the emission of light, and their development
into luminescent materials that could be used at will, has contributed to high technology
applications. These breakthroughs on luminescent materials and the light emitting
processes behind them, have led to new scientific and social advancements. Which have

been the principal focus of research within the scientific community.

Luminophores should be capable to emit electromagnetic radiation at any physical state.
However, most of the practical applications requires to have luminophores as solid-films,
aggregates or crystals.'? For example, in optoelectronic applications as in
electroluminescent devices like organic light-emitting diodes (OLEDSs) and organic field-
effect transistors (OFETs) or as in sensing applications for ecosystem monitoring and
biomedical research,*® it is necessary to have the luminophores in solid films or as

aggregates.

When the aggregate state is induced in a conventional luminophoric system like in TPE,
it is expected to obtain a self-luminescence quenching effect. Once the system is in a state
of aggregation or at high concentration in a solution, the molecules are located very close
between each other, allowing the aromatic rings to experience strong n—n stacking
interactions. The excited states in such aggregates are lost via non-radiative channels,
causing an emission reduction or quenching. This phenomenon is known as aggregation-

caused quenching (ACQ)."8

The problems soon arose with the necessity to give an application to these luminophores,
which requires the molecules to be in a solid or aggregate state. Furthermore,

luminophores are mainly used as clusters where they are arranged as molecular assembly,
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nano-aggregates or solid phase in which is mandatory the aggregation of the molecules,®-
1 heing the problem that a lot of scientists tried to solve. As expected, this was a difficult
task and an intense investigation came across, considering a variety of physical and
chemical approaches to avoid the aggregate formation and offset the fluorescence
quenching disadvantage.® However, the efforts were worthless due to, most of these

approaches tried to counteract a natural process of aggregation.

Due to the failed attempts and the necessity to have high luminescent molecules under
the aggregate state, in 2001 Yuning Hong and its research group found a new kind of
organic luminogen, in which the aggregation of the molecules increased the radiative
emission rather than decreasing it.!> They also found that there are a series of silole
derivative molecules that do not present emission when are diluted, but once they get
aggregated a high luminescent behavior is observed. Since the light emission is induced
by the formation of aggregates, this process was perfect to offset the previously
mentioned problem and it was called as “aggregation-induced emission” (AIE).2® The
AIE effect has an opposite behavior to the one exposed by the ACQ phenomenon, defying
the conventional perspective of “useless” materials, that the non-luminescent molecules
in dilution had, into a potentially high luminescent species under the aggregate conditions.
During the last years, major progress has been made in this field leaving a great variety
of luminogens with AIE characteristics (AlEgens), which are capable to emit at different
wavelengths, have different applications and have opened a brought new insight into the
light-emission processes. Besides, the processes behind the AIE are not yet fully
understood as well as the different AIEgen systems. For all the above, more research is
needed in this field.

Problem Statement

The aggregation induced emission effect is a relatively recent discovered phenomenon,
which has raised a lot of interest, especially in the material science field, because of its
great potential in high technology applications. Since its first description in 2001
numerous of different systems that presented this effect were discovered including
hydrocarbon containing systems, hexaphenylsiloles, cruciform, diaminodicyanoquino
derivatives (DADQs) and others. From this great variety of systems, the
diaminodicyanoquinones are molecules that despite of possessing high dipole moments

generally are not considered as fluorescent dyes due to their low gquantum yields in
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solution, commonly below 0.5%, and the moderate increase of the quantum yield to 45%
in the solid state. However, in the last years it has been found that some DADQs are
capable to present an enhancement of their emission to around 90% in the solid state,
opening the possibility to research the application of such DADQs systems in solar cells,
light emitting devices, bio-imaging studies, as well as, their use in nonlinear optics and
polarity sensitive. Furthermore, the search of new DADQs with high emission quantum
yields are of great importance to obtain further insight in the mechanisms behind the AIE
phenomenon and its relationship with their molecular structure. In addition, due to its
structural conformation it has been hypothesized that the DADQs could have a potential

use in biological systems

Hereof, as hypothesis, it is going to be investigated the fluorescent properties of two
diaminodicyanoquinone systems which derive only in the position of one substituent,
using together an experimental and theoretical approach. In addition to that biological
tests will be performed in these systems because their molecular structures suggest a

possible biological activity.

General and specific objectives
General objective

e To develop two DADQs systems with potential aggregation-induced emission

(AIE) characteristics and biological activities.

Specific objectives

e To synthesize two different AIEgens, using as starting material the 7-pyrrolidino-
7,8,8-tricyanoquinodimethan.

e To characterize the synthesized AlEgens using UV spectroscopy, mass
spectroscopy and FTIR.

e To calculate the quantum yield of the synthesized AIEgen systems

e To perform computational studies in the different systems to compare these
approaches with the experimental data.

e To perform antimicrobial activity tests to the DADQ derivatives.
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Chapter 1.

Justification

Aggregation-induced emission: a review of promising
cyano-functionalized AlEgens

Jimenez, E.R. & Rodriguez, H. J Mater Sci (2020) 55: 1366. https://doi.org/10.1007/s10853-019-04157-5
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ABSTRACT

The aggregation-induced emission (AIE) & a photochemical process described
in 2001, where the aggregation of specific kinds of organic compounds enhances
the emission of light performed by these organic compounds. Since then, this
phenomenon had attracted much interest because of its potential application in
optics, electonics, energy and bicedence In thiz review, the main concepts of
A[E are going to be explained through the mechanistic dedpherment of these
photophysical processes. Additionally, some ATE systems will be dismisaed,
describing the phosphorescence enhancement induced in organic molecules by
this effect, but we will be focusing on the cyanocontaining AlEgens, its recent
advances and the driving forces that lead to the AIE effect in these cyano-
containing molecules.
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the ACQ effect is present in the molecules of perylene
(Fig. 1).

Introduction

Maolecules with luminophore characteristics are of
great| interest in the field of material science. Fur-
thermare, if there are molecules capable of presenting
Muorescence or phosphorescence under the aggregate
or solid state, the posaible technological applications
are enormous, in comparison with maolecules that
exchibit this behavior in others state of matter. These
luminophores can be used in OLEDS, liquid crystals,
DA wisualization, biclmaging, ex plosives detection,
among others. However, in most of the corventional
lumingphotic systems, the induction of the aggregate
state produces an adverse effect in luminescence; this
effect is known as the “Aggregationcaused quench-
ing” (AT [1]. One of the most common examples of

Perylene molecules have a strong luminescence
when it is in solution with THE. Howewer, as aoon as
the fraction of a poor solvent is increased in solution,
the emission in these moleculss gets significantly
reduced. Thus, once the perylene molecules get
aggregated, they present a m—n stacking interaction,
due to its planar aromatic structure. The mesult of
these interactiors gives rise to very short lifetime
dimeric or heterodimeric spedes known as excimers.
The formation of the eximers is harmful to the
emission in the aggregated state and gives rise to the
well-known ACQ phenomena [2]. It & essential to
remark that the presence of the ACC effect is attrib-
uted to most of the aromatic molecules and its
derivatives because of its intrinsic planarity, as Briks

Addmss comespondence to B-mail: hmmdripees@ivachaybechad e

https:/ / dol.org /10,1007 /s 10853-019-04157-5
Pubdlished anlime: 31 {ctober 2009

&) Springer




UNIVERSIDAD

ESCUELA DE

CIENCIAS QUIMICAS YACHAY

E INGENIERIA TECH
] Mater S5a

Aggregation-caused guenching (ACC)

in a conventional laminephore

Perylene

Figure 1 ACOQ effect in perylen: induced by the incresse in wakes
fraction. Reprimed (adsped) with permission fom Ref [1]
Copyright { 201 5) American Chemical Society.

state it in his book “Photophysics of aromatic mole-
cules” [3].

In addition to that, conventional organic lhami-
nophores usually present strong luminescent char-
acteristics as isolated molecules, but they lose this
characteristic as the degree of aggregation increa-
ses. In this scenario, a lot of aromatic molecules are
very close between each other, leading to intense
mtermolecular n-n stacking interactions, especially
to those molecules with disk or rod-like shapes.
These stacking interactions produce a non-radiative
decay in molecules that present excited states
before the stacking, resulting in the emission
quenching of the lumnophores [1]. Another closely
related process in regard to the non-radiative
relaration pathways is produced by a conforma-
tional change that leads to cis—trans isomerization's,
which are directly related with the solvent wiscos-
ity, the size and mobility of the freely movable
moieties in the molecules [4-11].

In these regards, we can say that the ACQ) effect is
generally unfavorable for the vast majority of appli-
cations on luminophoric materials; unfortbunately, it
15 present in most of the conventional organic mole-
cules. Because of this, many research groups made a
lot of efforts trying to tackle down the ACQ effed,
without any significant success. The main problem
with these attempts was the approach that the

€] Springer

researchers took, in which they tried to alter or
modify a natural process that is related to the
intrinsic tendency of the aromatic molecules to form
aggregates in concentrated solutions [12].

Due to the failed attempts and the necessity to have
high hminescent molecules under the aggregate
state, in 2001, Yuning Hong and its research group
foumd a type of organic luminogen, in which the
aggregation of molecules increased the radiative
emission rather than decreasing it [2]. They found
that there are a series of silole derivative molecules
that do not present emission when they are diluted,
but once they get aggregated, a high hminescent
behavior is observed. Since the formation of aggre-
gates induces the light emission, this process was
termed as “aggregation-induced emission” (AIE) [13].
In this scemarip, the AIE effet has an opposite
behavior to the one exposed by the ACQ phenomena,
defying the conwventional perspective of “useless”
miaterials, that non-luminescent molecules in dil ution
had, into a potentally high luminescent species
under aggregate conditions.

From Yuning's breakthrough, a new path to study
the radiative emission of molecules under the
aggregate state was opened, leading to the acquire-
ment of strudure-property relationships and some
maight intp the working mechanisms of the effect
Thus, many research groups synthesized and studied
different molecules that could potentially present the
AlE effect, changing the preparations and modulat-
ing how the aggregation mnditions of these com-
pounds are. As a result of the performed
investigation, a lot of information was obtained, a
variety of new AIE systems were discovered, and the
operating mechanisms behind the effect and many
practical applications started to being explored [2].
Some of the systems that present the AIE effect are:
cruciforms [14], hexaphenylsilole [15], diaminodi-
cyanoquinodimethanes (DADQs) [16], diphenylbu-
tadienes [17] and tetraphenylethenes [18].

To ensure a complete understanding of this phe-
nomenon, there is a brief explanation of those to the
date known and accepted operating principles that
govern the aggregation-induced emission effect as
well as an introduction to the two main classifications
for the systems that have this effect and a view in the
cyano-containing AlEgens.
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Operating principles of the AIE systems

Tounderstand the principles behind the AIE effect, it
15 necessary to recall that lominogenic molecules that

Care of

suffered an excitation of their electrons are capable of the ""“I'?':"IE
releasing this excess of energy, obtained during the i:'lﬁr:'::. . U‘
excitation process, via photophysical and for photo- Hexapheny! Silole (HPS) the malecule

chemical pathways [19]. As it is expected in the non-
radiative relaxation, the excess of energy present in
the molecule is released by the emission of phonons,
which are commonly lmown as heat On the other
hand, the radiative relaxation process is entirely the
opposite, and here, we are talking about an energy
release pathway in which the emiszsion of photons
frees the energy.

In the mse of the AIE systems, the relaxation of the
excited state by a photophysical pathway wmuld be
accomplished in two ways: the nonradiative and
radiative proesses, while the photodhemical one
refers to the loss of energy through a chemical reac-
tion. Therefore, in solution, the excited AlEgens
should decay mainly through non-radiative photo-
physial or photochemical processes and in the
aggregated state, they should decline mostly through
the radiative photophysical process. The collective
effects of these radiative and nonradiative ways of
rel easing energy give rise to an increase or quench n
the huminescence of each different luminogen [2]].

Thus, there exist three main hypotheses that
explain the medhanical cavses of the non-radiative
relaxations or the enhancement of the radiative ones.
These mechanisms are known as RIR, RIV and RIM.

Restrichon of intermolecular rotation (RIR)

This mechanism was firstly proposed by Zikai and
coworkers, to understand its prindple; we initially
should ifmagme a “propeller-shaped” molecole
(P5M), as itis shown in Fig. 2. Thus, once the PSM is
taken to its excited state it has two options for the
relaxation process: the radiative and non-radiative
pathways. Hence, when a propellershaped molecule
is taken toits excited state and it is in solution the free
muobile parts of the molecule that are attached, gen-
erally by a single bond, to the main wmre of the
molecule can freely rotate, releasing the energy from
the molecules by the realization of mtermolecular
movements [21]. This is a non-radiative way that is
harmful for the effect that we are looking for

Floorophores wilh propeller shape sinaclunes

B
50 Go 5

Figure 2 a Comparimon between the chemical stncture of the
non-planar hexapheny] silole and the shape of a conventional
propeller b Examples of silole, pdrocartdsm and hedemaim-
containing Aupmegens that have the progeeller shape.

Furthermore, this effect is respon=ible of the lami-
nescence quenching ACQ in the AlEgen species
[22, 23]

On the other hand, at the aggregate state, these
propeller-shaped molecules are not able to pack tight
together, avoiding the - stadding process, which s
responsible for the ACQ effect in conventional
luminophores, due to the free rotating groups that
confer the propeller shape of these compoumnds. Even
more, in the aggregate state the molecules cannot
pack tightly together because of the free motating
groups that do not adopt a planar onformation,
producing  intrinsic steric restricion. Instead, the
“rotor” moieties attached to the core section of the
muolecule are greatly restricted owing to the physical
constraints prowvided by the neighboring moieties and
maolecules that are very close between each other.
This restricHon of the intramolecular rotation blocks
the photophysical non-radiative pathway and opens
up the photophysical radiative way. As a result, the
P&EMs become highly emissive in the aggregate state.

As a general idea of what should be the main
structure of the propeller-shaped molecules men-
tioned before, some examples of AlEgens that have
the specified shape are shown in Fig. 2 [15].

To illustrate the RIR medhanism, we can use a

fairly known AlEgen that presents aggregation-

4 Springer
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mmduced emission doe to the RIR mechanism; this
molecule s the tetraphenylethene (TPE) Fig. 3 [21].

In Fig. 3, we @n see that the TPE molecule is non-
emissive in solution as the exdted state of the TPE
can decay quickly in a non-radiative way, mostly by
the free rotation of the pendant phenyl groups of
TPE, which are shown in blue armows. Once the TPE
gets aggregated, these intermolecular rotations are
restricted due to multple mtermolecular interactions
that blodk non-radiative decay pathways and leave
the radiative chanmel open as the only method to
release the energy in the molecule [18].

The restriction of intermolecular vibrations
(RIV)

As the AIE study advances, the family of AIE mole-
cules continues growing, leading to some peculiar
systems that exhibit the AIE phenomenon, but the
molecules forming these systems are lacking any
rotor-like moiety in its molecular structure, and this
is the case of molecules like THEDBA and BDBA
(Fig. 4) among other molecules [24]. For these sys-
tems, the AIE effed canmot be explamed using the
RIR mechanism, and therefore, other parameters
need to be taken into account. As the concept of RIR
focuses on the restricion of intramolecular rotatons,
perhaps these new systems perform the AIE effect
under the limitation of another intramolecular
motion. The other moton proposed is  the
mtramolecular vibration (RIV) [24]. Thus, the RIV
should work similarly as the RIR mechanism; the
different comformation that the molecules can adopt
in the solvated state will mnsume the energy of the
excited molecule in a non-radiative manner which
produces the lack of emission when the system is in
solution.

In, cmtrast, when the system 15 in a cluster it
experniences conformational vibration hindrances,
because of the neighbor molecules as shown in Fig. 4
This is reflected in the restricion of the molecule

Figure 3 Chemical strochme
of tetraphenyle thene (TPE),

which emision is dwe 1o the
RIE mechanizm,

¢) Springer
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~y more omisshn

motions  (vibrations) blocking the non-radiative
pathways and inducing the release of energy under a
radiative way to finally produce the observed AIE
effect [1]. Some examples of AlEgens capable to
produce an exdtedstate decay by intermolecular
vibrations are shown in Rg. 5.

Finally, an essential aspect of this mechanism is
that AIE maolecules that get activation through RIV
may not have as many and effident non-radiative
vibrational decay pathways as in the RIR mechanism.
Theretore, the restriction of these channels will result
in a less pronounced AIE effect [24].

The restriction of intermolecular motlons
(RIM)

This mew mechanism gives a broader idea of the
fundamental principles that gowvern the AIE effect. In
general, it is an integration of the RIR and the RTV
mechanisms in which the moton of a molecule is
described as the rotation and wibration that its
structure presents. Generally, in AIE systems, the
flexibility of a structure promotes mtramolecular
motions which noesse the non-radiative decay
channels. The aggregation induces some struchure
hardening, and in that way, it blocks the non-radia-
tive decay pathways, increasing the emission of
photons in the relaxation process [21].

AlEgens that can present this new RIM principle
nead to hawve a vibratory core and rotatable sedions
in its conformation. An example of a molecule that
fulfills these requirements s shown m (Fig ).

The main idea of RIM is that the RIR and RTV
mechanisms are not mutually exclusive, nstead they
can work together to increase the AIE phenomenon.
It seeks to explain and create a uch more diverse
family of AlEgens where intramol ecular motions can
enhance non-radiative decay rates of solated single
molecules, whereas structural stiffen blocks the non-
radiative pathways, directing relaxation of the exci-
ted species through radiative channels [1].
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Figure 4 Chemical strucure
of THTBDA, which emission
is due the RIV mechanism,

Figure 5 Molecular
strwcmres of tetraphenylethene
(TPE), 10,107, 11,11
tetrzhydro- 5, 5'-idiberzo[ad)
[7] anmulenylidene
(THBDBA), and 5,5'-
bidibenzo[a,d] [7]
annukenylidene (BDBA) with
is single-crystal strucures and
its possible conformational
movements (vibrations)
indicated by the blue curved
ATOWS,

&
K

Under the aggregation state

»

» o of the 5
Visrason (V) makes the THEDEBA
highly eemissive

ST

THBDBA BDBA

e

Macrocyclic molecules showing RIM mechanism

Fignre 6 Macrocyclic hminogenic molecukes whose ATE activity
is produced by the RIM grocess a The pink arrows show the
sections of the molecuke capable to rotate, and the blue parts of the
molecule can vilvaie. b The optimized crystal structure of the

Enhancement of phosphorescence lifetime

Usually, organic moleailes exhibit weak or non-
phosphorescent radiation because of the tight bind-
ing of valence electrons that contains the emission
caused by the transition from triplet excited states to

(b}

molecule (MMFF®) is obtasined from Chem 3D. Reprinted
(adspted) with permission from Ref. [1]. Copyright (2015)
American Chemical Society,

the ground state. Besides of that, long-lived phos-
phorescence of certain organic molecules is under
study, and a long-life phosphorescence could be
achieved in organic molecules if the system is capable
of produdng an intersystem crossing (ISC) and also
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has the capability of tning the phosphorescence
radiative decay [25].

Thus, the ISC effect between a singlet and a triplet
excited states of the organic system is absolutely
mecessary [26, 27]. A considerable strategy to favor
the BC rate 1s to reduce the energy difference
between the smglet (5.,) and the triplet (T,.) excited
states; this means that it is necessary to reduce the
energy gap between excited states. An interesting
approach to achieve this is to induce the aggregation
of molecules Fig. ¥, which may be useful in the
reduction in the mentioned energy gap between the
excited states. Thus, the AIE effect could be respon-
sible for the phosphorescence mse in organic
maolecules.

Recently, research revealed that ISC and the inter-
nal conversion () could have a omparable time-
smle and I5C @n occur in high-lying excited states
[#7]. Consequently, it is considered to compare the
use of the aggregation as a method to reduce the 15C
energy gap to ncrease the conjugation of different
pulymeric compounds, which enhance their conduc-
tivity by reducing the band gap. In both cases, if there
is just ome molecule of the compound “monomer,”
the energy levels are quite distant from each other,
and the BC is mamly negligible. But, when the
number of molecules is inoreased to two “dimer,” the
excited states will go under a splitting of the energy
levels resulting in the reducion in the energy gap.
Even more, if the aggregation proweeds, the behavior
will be the same than the increase in comjugation in a
semimnductor “polymer,” the excited states go umder

splitting, and the energy gap of the singlet and triplet
excited states will be smaller.

This concept of aggregated mduced ntersystem
crossing, ARISC, allows the suppression of the lowest
singlet state. This means that the fluorescence of the
molecule will also be suppressed to allow for the
appearance of phosphorescence, which can be con-
sidered as complementary to AIE. However, the
influence of AIISC on phosphorescence lifetime
remains unexplored [28].

AlEgens systems

The high level of interest in the ATE phenomena and
the further understanding of the mechanisms behind
this effect lead to the discovery of a high number of
systems with these qualities. Thus, the development
of different molecules capable of showing lumimes
cence under the aggregate conditions obtained sig-
nificant progress. In this regard, different families of
these compounds appeared, being the most repre-
sentative those composed by pure hydrocarbon
molecules, compounds contaiming  heteroatoms,
polymeric, inorganic and organometallic. This shows
that the wvariety of AIE systems has maintained a
continual or even an exponential growth since it was
discovered [2].

In this section, we are going to briefly discuss the
general characteristics and showcase some examples
of the two first-mentoned systems to later com-
pletely forus in the cyano-containing AlEgens and
their charaderistics.

Singlat
Singlet g ol S —

e e g —_— ol I - Triplat
-‘..\'"-\. AX 1 |;&I~"'\-- | ax an'l"ﬂ T |H;;‘E--\. o pl T
BET Triplat 1= it [ T

h__.H
F F
5 Y ) s, Y Y s, Y
Manomer Dimer Polymer

Figore T Schematic dagam of inesysem cossing {ISC) The
disgram displys the energy spliting during the agoregation
process. F! fluorescence, P phosphorescence. The thiclmess of the
siraight amows shows the emision intensity of both fluorescence

) Springer

and phosphoresoence. The med amows denole the process of
Iniergystem cmssing, and the blue bar indicates te distances
between the single and triplet excied dates.
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Hydrocarbon AlEgens

These systems are composed of molecoles with st
carbons and hydrogens atoms in its chemial struc-
ture; they comprise a fundamental role m all the
types of AlEgen systems. Because, by not having any
heterpatom in their strocture, the analysis of the
interactions between molecules, polarity, electronic,
photophysial and other properties of the molecule is
much simpler and straight forward, leading to a quite
accurate structure to property relationship. That
provides insight into the driving mechanisms behind
the AIE effect. Additionally, the hydrocarbon systems
could work as building blocks or models for the
development of different functional AlEgens, taking
into account the moietes capable to freely rotate or
vibrate and the structural non-planarity of the mole-
cules when they are in the aggregate state [12].

Some of the simplest and more representative
structures of the hydrocarbon AlEgens are the ones
reported by Shimizu et al. [29], which are based on
cores of hexa-1,35trienes decorated with different
aromatic moieties (Fig. §).

In molecules (a) and (b), shown in Fig. & the phe-
nyl groups attached to the triene core are capable of
motating freely. But the phenyl located in the equa-
torial mome of both compounds almost does mot
rotate, showing dihedral angles of less than 2° for
(a) and 15* for (b). This is not enough to avoid the
formation of m—=n stacking interactions under the
aggregate state, due to tight packing between same
species molecules. Besides of that, this molecule

Figore § Arylene—vinylens
core-lased AlEgens with is
cryatal structunes obitained
from chem 300,

presents an AIE behavior due to the two phemyl
groups located inm the wertical axis that shows a
dihedral angle of almost 0° This angle is produced
in response to the hindrance generated by the
hydrogen atoms of the triene core and the meta
hydrogen in the phenyl group [30]. Now, the mole-
cules are imable to pade tightly in the aggregate state
and also are limited to perform intermolecular
motions, reducing the non-radiative relaxation path-
way and induce the AIE effect.

Heteroatom AlEgens

As mentioned before, the hydromrbon systems are
quite simple and their AIE effect is not as compli-
cated as the heterpatom-containing molecules. Hence,
the emissions related to these molecules are also quite
simple, produdng for most of the pure hydrocarbon
systems emissions at the blue region of the wisible
spedra. Thus, to enrich the palette of colors and
widen the smpe of high-tech application for the
AlEgen systems, it is necessary to introduce some
varation in the molecules conformation to produce
an emission shift to larger wavelength, known as a
red-shift [1, 2].

To accomplish this new objective, it is necessary to
momporate heterpatoms mto the luminogen, which
can induce electronic perturbation, like the polariza-
tion caused by intramolecular charge transfer (ICT)
[2]. That can considerably alter the photophysical
behaviors of the luminogen, especially the produced

4) Springer
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colors. Thus, an AlEgen that presents some kind of
heterpatom in their structure could be able to emit at
longer wawvelengths only if it can achieve a polariza-
tion charge transfer effed produced by electron
donor-acceptor pairs [31, 32]. These pairs are
demonstrated in Fig. 9, in which the structures are
conformed by a triphenylamine (TPA) group and an
acceptor part. The TPA is an excellent electron-do-
nating group, and besides the fact that it is not AIE
active, it can be used as a building group to produce
AlEgen systems, becuse of its propeller-shaped
structure. On the other hand, the benzaldehyde and
the fluorenone parts are electron-accepting groups,
which gawve the acceptor—domor pair necessary in
each molecule to produce a red-shifted emission

In the same line, other researchers have synthe-
sized a variety of TPA-based luminogens. Obtaining
immensely promoted quantum yields in the solid
state ompared to those obtained in solution. Also, it
was found that this compound presents an elec-
trofluorochromic behavior [33]. This was performed
by pining together TPA and diOMe-TPA with two
well-known AlEgens, the triphenylethylens (TPE)
and the benzo[blthiophene-1,1-dioxide (BTO). Mole-
cules synthesized are shown in Fig. 10 [34].

Recently, the development of warious advanced
materials which are TPA based is used for optoelec-
tromic applications such as electrochromic, elec-
trofluorochromic and polymeric memory devices.

(a)

O
Q4 0
o OO

Figure % Examples of luminogens containing oxygen and

nitfggen heteroaims. The sruwres marked with red are the
electron-withdrawing blecks, and the ones in blue ame the electm-

donar groups.

€] Springer

Furthermore, it has been studied as a series of high-
performance polymers that will contrbute to the
design of materials for applications such as data
storage, displays and flexible electronics [35].

Cyano-containing AlEgens

One subgroup of the heterpatom-containing AlEgens
is the cyano- or nitrile<containing group. This func-
tional group is quite simple; it owns a high polariz-
able ability and is comparably smaller than other
functonal groups, making the cyano group a fre-
quently uwsed group for the design of optical materi-
als, which lead to the development of a large vanety
of AlEgens containing cyano groups [34].

Therefore, the cyano group, besides not being as
large as other groups like carboxylic acids or phenylic
muoieties, still is capable of producing steric effects
due to the massive electronic cloud around it, which
gives rise to twisted onformations. Another advan-
tage of the cyann group is its capacity to provide
electronic effects. Because of its electron-withdrawing
nature, it is possible to create a donor-aceeptor (D-4)

LEY]

eUeliaeUen

ETOTRACHE

ETOTRA

Figure MW Examples of TPA-luminogens with movel AITE
characteristics.
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system. Another essential feature of molecules that
contain oyano groups is that, under the crystalline
state, the cyano groups are capable of interacting
with hydrogen atoms of the neighboring molecules to
form hydrogen bonds of the following type C-H--N.
Az it is known, the hydrogen bonds are decisive for
biological functions, the conformaton of different
macromolecular structures, and in regard to our
interests, they have been mostly uwsed o model
chromophores that imcrease their dipole moment
during electronic excitations [37—42]. This allows the
molecule to form a network in its crystalline struoc-
ture, which ncrease the ngidity of the oaystal and
reduce the motion possibility of the free mowable
groups in the molecule Fig 13 [43]. Because of these
strong supramolecular interactions, the system by
itself becomes more rigid, and the planar configura-
tion is avoided preventing the =—n stacking

Such acivity indumes, in the oystalline state, a
tight packing between molecules, but at the same
time awvnids the formation of the z—n stacking inter-
action. These features make the cyano group a fairly
used functional group to create AlEgens with donor-
acceptor characteristics, H-bonding capabilities and
special features such as mechano-responsive agpgre-

Recent discowveries show that certain cyano-con-
taining molecules could be uwsed for fluorescence
imaging in living cells [45]. This is one of the most
interesting applications for these kinds of molecules.
Molecules shown in Fig. 11 are just some examples of
molecules with these characternstics. Furthermore, for
a molecule to present such properties it must be
stable at pH and light variations, present low toeccity
and should be able to penetrate the cell membrane. In
addition to bipimaging, it was found that Py—(CN-N
could be used in the design of ratiometric fluorescent
probes [45].

Cyanostilbenes

Cmne of the most common and most studied cyano-
containing AlEgens is the cyanostilbens and its
derivatives. Generally, there are two varations of the
cyanosti [benes; these variations depend on the cyano
group position. The 4-cyanostilbene has a stilbene
skeleton with a cyano group in the para-position of
one aromatic ring, Fig. 12a, and the o-cyanostilbene

with a cyano group located in the o-posiion of the
ethylenic bond, Fig. 12b [46].

4Cyanostilbene and  its derivatives, with the
extension of the =m<onjugation in the system, are
capable of covering the whole visible region, and
most of the studies related with these types of
cyanostilbenes are focused on the exploitation of the
twisted intramolecular charge transfer phenomena
(TICT) [47], mainly in those cyanostlbene com-
pounds with a donor-aceptor system where the
electron-donor part is located at the opposite side of
the cyano group, within the molecale. However, the
potential of the 4cyanostilbene gets reduced due to
its lack of chemimlly reactive sites that prevent fur-
ther structural modifications from improving the
luminescent properties and performing more pro-
found studies. Because of this, the s-cyanostilbene
was developed as an altermative to maintain the
properties of 4-cyanostilbene and allow the structural
tuming of the molecule. Thus, in the following section
different a-cyanostilbene and  4-cyanostilbene
derivatives will be reviewed in greater depth to
understand how all the characteristics mentioned
above work synergistically to produce the aggrega-
tion-induced enhancement emissiomn.

For instance, ome of the examples that shows the
importance of the hydrogen bonding capacity in the
cyano group in regard to the AIE is the cyano-sub-
stituted  oligo(para-phenylene  wvinylens) (CN-
DPDSE), sketched im Fig. 13a. This molecule, as
expected, barely shows luminescence with a quan-
tum yield around 1% when it is diluted in THF, but in
the crystalline state, the luminescence becomes quite
strong with an efficiency near to the 80% [43]. The
luminescence of this and other organic materials
under the solid state can be calculated with the use of
an integration sphere [48].

In addition to that, the optimized geometry of (M-
DPDSE Fig. 13a shows a non-planar configuration
due to the steric hindrance produced by the elec-
tronic clouds of the cyano group and the phenyl ning
substituents. In solution, these groups are capable of
releasing the energy of the excited state via non-ra-
diative pathways like rotation and vibration motions
of the substitment groups around the vinyl's double
bond; this is the reason for this compound to have a
very little luminescence in solution [49]. Furthermaore,
once the motions of a CH-DPDSE diluted in THF gets
restricted by freezing at 77 K, it becomes highly
luminescent, and the intensities of the

&) Springer
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Figure 11 Confocal
fluorescence imaging probes in
three different cyanovinyl
derivatives. Reprinted
(adapted) from Ref. [45],
Copyright (2019), with
permssion from Elsevier

(a)

1~

NC

(NS

Fignre 12 Molecular structire a 4-cyancstilbene, and b «-
cyanostilbene. Blue arrows show the possible rotations on the
aromatic nngs.

photoluminescence get 100 times higher than those at
room temperature [43]. Thus, the observed lumines-
cence enhancement in the crystalline state of CN-

@ Springer
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DPDSB has the same origin as the one shown at low
temperatures.

The CN-DPDSB molecules are capable of interact-
ing with atoms of the neighboring molecules by two
hydrogen bonds of type C-H:--N. These hydrogen
bonds are formed in two ways: the first one is formed
between a nitrogen (N) atom in the cyano group and
hydrogen (H) atom in a phenyl substituent, while the
other hydrogen bonds occur between the nitrogen in
the cyano group with a hydrogen atom in the ethy-
lene moiety of the molecule. The distances of these
hydrogen bond interactions are 243 and 256 A
respectively Fig. 13b, and their presence is of great
importance to fix the double bond and the phenyl
rings, preventing their motion [43]. The hydrogen
bonds in addition to other supramolecular interac-
tions help to increase the rigidity of the molecule and
also avoid a planar conformation, which ensures a
high fluorescence of the molecule by the AIE phe-
nomena when it is in the crystalline state.
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Figore 13 a Molecular
structure of CN-DFDSE at the
top-left and the geomeiry of
islated CN-DFDSE at the
top-right. b Maolecular pac king
of CN-DFDEE and its
hydropen bond interaction
viewed in plane ab. Reprintad
{adapied) from Ref. [43],
Copyright ( 27T, with
permission from Royal Soc ety b}
of Chemistry.

(a)

Recently, it has been reported that cyano-func-
tirnalized diarylethene derivatives with AIE proper-
ties are capable of presenting piezofluorochromic
(FFC) behaviors [50]. In general, materials that exhi-
bit the PFC behavior are compounds which are cap-
able of switching their luminescent characteristics in
the solid state due to changes generated in the cTys-
talline structure of the material [51]. These changes
are mainly produced by an applied mechanical force
like the grinding of the crystals and are retumed to
their natural state by an annealing procedure. The
PEC materials have attracted a lot of attenbion
because of their potential applications in data storage,
optoelectronic devices, security printing and fluo-

Currently, it is not completel y clear how the cyano-
functionalized diarylethene strudure and the PFC
characteristics relate to each other. Therefore, a series
of Malkyl substioted 3<(4-(10H-phenothiazin-10-
yvhphenyl)-241H-indol-3-yl) acrylonitriles (PLA-n)
were studied Fig. 14 [5].

These molecules present an excellent AIE behavior
due to the presence of a suitsble donor group, TRA
and the acceptor part, which corresponds to the
cyano-substituted stilbene. Alsp, the difference in
length of the alkyl chain does not make a significant
difference in the absorption spectra of each

compmmd. However, when the fraction of poor sol-
vent is increased to values above 60, B0 and 40%, the
photoluminescence of PLA-8, PIA-12 and PLA-16,
respectively, gets gradually reduced [50]. This effect
has been widely reported in other AIE systems, and it
is not completely clear why it happens, but, as a
general idea, it is accepted that high fractions of poor
solvents nduce a quick aggregation of AlEgens
producing an amorphous arrangement rather than a
crystalline one, resulting in a redudion in the emis
siom [52, 55, 54]. On the other hand, the PLA-4 did not
show a reduction n its luminescence, due to its rel-
ative small alkyl chain that makes easier for these
PIA<4 molecules to maintain a crystalline strudure
unlike the other PLA-n derivatives with larger alkyl

PlA-n
a=(d, & 12, 18)
Figure 4 General stucwre of the eyano-functionalized
dizryletens.
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chains. Under this consideration, the photolumines-
cence intensity s dependent on the degree of crys-
tallinity or amorphousness in the material [57, 58]

In regard to the piezofluorochromic properties, all
the PLA derivatives displayed a red-shifted behavior
after grinding. The hathochromic shift i the
grounded material, was more critical in PLA-4, and
according to the increasing length of the alkyl chains,
the effect was less and less noticeable [50]. This
behavior must be a onsequence of the steric hin-
drance produced by the alkyl chains, as the alkyl
chain gets more substantial it is much more diffioalt
for the molecules to adopt a planar conformation and
as a consequence to this the intermolecular w—=
stadkdng would be less probable. In general, it is more
difficult for the PIA derivative with the largest alkyl
chain to change from a crystalline to an amorphouws
state by grinding [59].

Structurally similar to the previously discussed
compounds, two fluorophores illustrate the signif-
cant difference in AIE properties that could produce
the presence or absence of a functional group like the
cyano (Fig 15). These two compounds present the
same main struchure. Both have methoxy groups and
phenyl mpieties, but the critical characteristics in this
two molecules are that one fluorophore contains
cyano groups, while the other one has hydrogen
atoms instead. For ease, the top compound in Fig. 15
will be called as “C1” and the bottom one “C2%

The two compounds luminescent behavior was
studied under the solufion conditions using =inc
phthalocyanine as standard [60]. These results show
that the C1 molecules present very strong photolu-
minescence (PL), while the C2 has a quite poor PL.
Moreover, the quantum yield for C1 is nearly twice as
the C¥s. Contrarily, under aggregation, the com-
pletely planar framework of C1 is counterproductive
leaving the possibility to form m—nstacking that leads
to an ACQ effect, while in C2 the substitution of the
cyano groups in the phenylenevinylene skeleton
induces a slight torsion in the molecule which is
enough to suppress the parallel stacking between
neighboring molecules, resulting in excellent photo-
luminescence under the solid state for C2 (Fig. 150,

In addition, under the crystalline state the -CM and
M0 groups in the C2 compound are responsible for
intermolecular interactions of the type C-H--MN and
C-H:-0 hydrogen bonds, which are in charge to
form layers of m-planar molecules that have their
aromatic and aliphatic parts alternated with a minor

&) Springer

slipping in direction of the prncipal axds in the
crystalline system [61, 62].

Another example refers to four different AlEgen
systems with highly emissive charactenstics which
were synthesized from TPA, a strong electron-donor
group and the AlE-active a-cyanostilbene and their
optical and photoluminescent properties were shad-
ied. These compounds vary between each other in
two major ways: the presence or absence of dime-
thoxy and bromine groups in the TPA sedion of the
maolecule or the para-position of the a-cyanostilbene
phenyl's ring, respectvely, Fig. 16.

The optical properties of these compounds present
different behaviors depending on whether they have
or not the bromide and dimethoxy auxochromes. The
compounds that present these auxpchromes suffer a
bathochromic shift not only on their maximum
absorption peak but also on their maximum emission
peak. The maximum bathochromic effect presented
refers to the diOMe-TPA-CNEBr compoumd followed
by diOMeTPA-CM, then TPA-CNBr and finally
TPA-CM. This enhanced red-shift behavior is pro-
duced due to the imtroducton of bromide and
dimethooy groups that induce a stronger acceptor—
donor character inside the molecule. In addition to
the bathochromic shifts all the TPA-cyanostilbene
derivatives present the AIE features, but those that
present the dimethoxy group in their strudure pre-
sent a massive enhance of it emission in solid state
compared to those compound withoat the dime thoxy
groups. This oours beause of two main reasons:
first, the stronger acceptor—donor effect which moves
the maximum absorption and emission peaks to
longer wavelengths, contributing to color huning.
Second, the crystalline structure in which each of the
maolecules crystallizes. It 5 known that the ==
stacking interactions oocur between two molecular
faces in which their = orbitals overlap. But, for this to
happen it is necessary to have a minimum distance
between the two faces that will overlap. Thus, in
order to have a fluorescence quenching, it is neces
sary to have the two overlapping planes in a distance
that is smaller than 35 A. For molecules shown in
Fig. 16, TPA-CN, diDOMe-TPA-CN and diQOMe-TPA-
CNBr have a distance of 6.689, 4.941 and 4.096 A,
respectively, indicating that these three structures are
mmcapable of suffering a =—n staddng interaction.
Moreover, these molecules are capable of forming an
aromatic hydrogen bond (C-H-m) that helps to
restrict the intermolecular motions and brings out the
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highest photoluminescent quantum yield at solid
state [63].

As mentioned at the beginning of this section, the
most used and stodied cyanostilbenes are the o-
cyanostilbenes due to its great possibiliies in stroc-
tural tunability, unlike the 4-cyanostilbene, which are
quite restricted in this aspect. Besides that, there are
several studies in 4-cyanostilbenes derivatives. An
example of this type of molecules is the di-substi-
tuted TPE Fig. 17, one which has the crano groups at
opposite phenyl groups and the other one which has
the cyano group at adjpcent phenyl moieties. An
interesting aspect of these two compounds relies on
their ability to present different emission character-
istics under their crystalline state [64].

In what refers to their FL behavior, the E and 2
isomers can present some luminescence in a THF
solution, which is quite rare in a moleaile with ATE
characteristics. In addition to this, when the fracion
of water (f,,) 15 aggregated and mnstantly increased
to the THF solutions of E and £ compounds, their
emission intensity is not strictly increased. However,
it fhictuates depending on the value of the f,. For
example, when the f,, s around the 30%, 50% and
&% the emission intensity drops drastically but,
when the fi is at 10%, 20%, 70% and enhancement in
the emission intensities is observed. Those solutions
with a f,, of 90-95% presented a tenfold emission
intensity (Fig. 18) [64].

As expected, both the E and Z isomers present AIE
characteristics due to their mtermolecular interac-
tions that activate the RIR mechanism, restriding the
free rotation of the phenyl moieties and blocking the
non-radiative pathways, but it also produces a red-

Z- lsomer
Figare 17 Molecular stuciure of (Ejd,4°91,2-diphenyle tene-
1, 2-diyIdibenzonitrile, E-1, and (Z)-4, 4 {1 2-diphenylethene-1,2-
diyl)dibe nzonitrile.

E- Isomer

&) Springer

shift behavior as the E and Z molecules aggregate.
This phenomenon is produced by the intermolecular
interactions that play a significant role in the electron
transition process between neighboring moleoules
and within the same molecule [65] In addition to
that, these relatively small molecules are mpable of
producing an AIE effect with red-shift, which is quite
rare [&6, 67]. On the other hand, the small molecales
capable of producing an AIE with blueshift are much
maore common and fairly more stodied [68-71].

Diaminodicyanoquinodimethanes
(DADQS)

Ome of the systems of interest due to its intrinsic
characteristics is the DADQs. The first synthesized
DADQs exhibit a strong emission enhancement when
the system is in viscous matrces [72] crystals,
nanerystals or colleids [73] and  amorphous
nanoparticles [74, 75]. This enhancement is attributed
to the inhibion of torsional motons when the
molecule is in the excited state. The DADOs are
molecules generally synthesized from the reaction
between 7,78 8-tetracyanoquinodimethane (TCNQY)
and different kind of amines. Such compounds are of
great interest due to the ease by which structural
changes can be made, allowing to design and mod-
ulate different characteristics in the DADCs, which
give mse to possible applications for these come
pounds. Such applications include the use of these
compmmd n elecroluminescent deviees [76], sens
ing applications, determination of environment effect
[73, 77, 78], dyes in liquid oystal displays and non-
linear optcs [9-52].

Like CMN-DPFDSE, the DADQs fluprescence gets
diminished when they are in solutions with a low
viscosity coefficient; their photoluminescence quan-
tum yields (PLQYs) generally range between 107"
and 10>, Whereas the PLQY gets strongly increased
when the solution has a high viscosity coefficient, the
temperature is reduced, or the aggregation is
induced, producing an incease in the fluorescence
time from picoseconds to nanoseconds [72, 77].

An example of these molecules s shown below,
Fig. 19, which contain certain unique properties [#3].
The skeleton of these molecules is mnfirmed, by the
already known, donor-acceptor (D-4A) system, where
a digyanomethylene moiety forms the eledron-ac-
cepting group and the elecron-donating group will
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Figare 18 Absorption emission spectra and PL image of water/THF solution a comresponds to the E-somer b Comesponds 1o the

Z-isomer. Reprinted (adapted) with permission from Ref. [64]. Copyright (2018) American

be each of the amine derivatives located at the top of

their respective molecule. In addition to that, the
DADQs dipole moments are alterable independent
on the excited state of the maolecule. In the ground

state, the dipole moment (i) can armrive to values
around 15-20 D, while in the excited state () the

value gets highly reduced to less than 0.5 D
[72, 84, 85]. At the same time, the differences between

the dipole moments of the excited and the ground

(a) (h)

Nc” Ten NG

Figure 19 Diaminodicyanoquinodimethanes derivatives.
acceplor groups for each molecule.

In blue are marked the electron-donor g

states produce a dependence on the DADQs maxi-
mum absorption position and the medium polarity,
while the maximum of fluorescence position is con-
siderably less dependent to the medium polarity. The
small values of y, could explain this decrease in the
dependence between the fluorescence and the med-
ium polarity.
For DADQs (b) and (c), it has been experimentally
determined that the ground-state geometries are not

(c)

e

Nc”  ToN

groups and in red are the electron-
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completely planar due to a twist in the bond that
joins together the benzene and the electron-donating
groups. In regard to the DADC) shown n Fig. 19, it
has not been possible to determine its geometry
experimentally, but computational @loulation
implies that its gepmetry will have similar behavior
to those already cbserved in (b) and (c) but with a
dihedral angle slightly smaller. Also, electronic exci-
tations in the groumd-state geometries, of the three
compounds, produced a partial planarization in the
conformation of the molecules. This reduction in the
dihedral angles is dependent on the mediom wis-
cosity and the hindrance produced by the electron-
donor moieties [72, 83, 85]. As a result of this, the
excited-state relaxation process 5 in mmpetence
between the radiative pathway and the non-radiative
one. In which the most restricted are the inter-
molecular motions, the most favored the radiabive
pathway gets. Because of this, the radiative pathway
gets reinforced when the medium viscosity inoreases
and the temperature drops, producing enhance in the
fluorescence intensity which means a greater FLOQY
and a slowdown in the fluorescence deay time.

In addition to that, several studies have shown that
zwitterionic DADCQ molecules, especially those with
groups that are not conjugated with the central =-
comjugation system of the DADOs (remote groups),
present an optical second harmonic generation
[, 86-69] Also, DADQs with these funchonalities
are much more likely to aggregate, especially those
bearing amino groups as remote funct onalities. The
presence of these remote groups significantly mtlu-
ences the solubility of these molecules, increasing
their solubility, both in water and in organic solvents,
facilitating different processes such as doping of
water-soluble polymers and enabling their applica-
tion in other fields such as organic vapor sensing.

Several DADCOs molecules with remote function-
alities had been studied Fig. 2. As in the other cases,
these molecules suffer a fluoresence decay or
quenching when they are in solution, but they exhibit
a fluorescence enhancement in their crystalline state
and doped polymer films. Also, they present a high
dipole moment of the ground state, which is con-
gruent with the examples previously seen and with
other similar reported molecules [72, 81, 84, 90].

The & compmmds shown in Fig. 18 display an
absorption spectrum for the acetonitrile solution, the
polymer film and the solid state that are very similar
in height, width and shape. This indicates that

) Springer

molecular aggregation has little to no mpact on the
electronic absorption spectra of these compounds
[16]). Moreowver, it has been found that the emission of
these compounds in low polar solvents is slightly
stronger than the one produced in more polar sol-
vents. In addition to that, these compounds are @p-
able of producing an emission enhancement n the
solid and polymer films that is much more significant
than the one produced in the acetonitrile sol ution.

In the sake of finding further insight into the
emission enhancement and the role of the remote
functonalities of these molecules, a single-crystal
x-ray analysis was performed for compounds (B) and
Q) Fig. ). The results showed that compounds
(B} and (C) crystallize in a mmodinic system with
space group P2 /n and orthorhombic with space
group Pbea, respectively [91]). Furthermore, the
dihedral angle between the eledron-donor moieties
and the benzenoid ring are quite significant, ranging
between 50° and 53°. This reduction in planarity is of
great importance to avoid the = stacking of neigh-
boring molecules. But, it also facilitates non-awvalent
interactions between the arbon atoms of the remote
functionalities and the nitrogen (M) atoms in the
negative polarized dicyanomethylene moiety. These
interactions, besides of their weakness, are plentiful
enough to infleence in the organization of the DADQ
molecules and contribute to the emission enhance-
ment [16]. Compound (E) [72] and dervatives of
compound (D) and ) [92] are capable of producing
hydrogen bonds. All of these associations together
possibly play a significant rolein the restriction of the
non-radiative relaxation pathway.

In summary, the cyane functonalities are widely
used to expand the color palette that these lumino-
genes could provide. This is done by integrating
different electron-donating group like carbazoles,
TPA or alkylamines with the cyano groups which
work as an electron-accepting group and complete
the D-A system within the molequle. The orano
group 15 also responsible for the generation of twisted
conformations, which are favorable for the AIE effect
[93]. Its steric properties produce a distortion in the
neighboring moietes mnformation, delaying the m—x
stacking interactions that cause the ACQ effect seen
mn comventional systems. Furthermore, the twisted
configuration is responsible for weakening the owver-
all comjugation in the luminogenic molecale. This
facilitates the intramolecolar motions, by redudng
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Figure 20 Possible substiutions with remote fumc tonalities in TCNG molecule.

their energy barriers, and therefore promotes decay
of the excited state by non-radiative mechanisms.

Conclusions

The AIE phenomenon is the effect in which the light
emission of a luminogen gets enhanced by the for-
mation of aggregates. AlEgens are typically non-
planar molecules with m-oonjugated systems that are
not luminescent as isolated or unconstrained species.

Cyano group is a great building block with unique
properties capable of enhancing and red-shift the
emissions of a typical hydrocarbon AlEgen. In addi-
tion to that, the electronic effect produced by the
cyano group in the lominogen induces an electronic
pdlarization produced by the intramolecular charge
transfer (ICT) and considerably alter the behavior of
the luminogen, espedally the mlor. On the other
hand, the steric effect of the cyano group produces a
twisted conformation in the luminogen, which in a
dilute solution inareases the intermolecular rotation
but, in the aggregated state, prevents the formation of

a planar structure avoiding the - stacking between
maolecules. Besides, the critical property of the orano
group is its capacity to form hydrogen bonds
between the nitrogen atoms in the ovano groups and
the hydrogen atoms of neighboring molecules. This
interaction enhances the rgidity of the different
AlEgen moieties in the aggregate stated and increases
the radiative photophysical pathway substantially.
Finally, the AIE study is of signifimnt academic
valoe because it has provided a mew platform to
decipher the non-radiative processes that lead to the
emission quenching in huminogens under solution
and to understand the underlying mechanisms that
bring about radiative decay in the aggregate state.

Funding

This study was funded by Yachay Tech internal
Projedt “Aggregation-induced emission Effect in
Diaminodicyanoquinodimethanes derivatives”.

&) Springer

21



ESCUELA DE
CIENCIAS QUIMICAS
E INGENIERIA

UNIVERSIDAD

YACHAY
TECH

L T

Compliance with ethical standards

Conflict of interest The authors declare that they
have no conflict of interest.

References

[1] Meil, Leung NLC, Kwok RTE, Lam I'WY, Tang BEZ (2015)
Aggregation-indwead emsion: together we shine, united we
soar! Chem Rey 115(210: 11 T18-11940, httpsidol o/ 101
21 /acs chemney Sh263

[2] Heng Y, Lam IWY, Tang BZ (2011) Agwgrepation-indeced
emismiom. Chem Soc Rev 400 1153615388, hitpsdol org
IO AR ICS 151 13D

[3] Biks IB {190) Plhotophysics of armatic molecules, Wiley,
London

[4] Pikson L0, Wang C, Batssnov AS et al (2010) Efficient
inframolecular charge transfer in oligoyne-linked domnor-n-
acoeptor molecules, Chem A Bur J 165314701479, hitp
s:dolorg’ 10,10 iche m 200N 000

[¥] Bagchi B, Fleming GR, Owioby DW (2003) Theory of
elecronic relaxation in solution in the absence of an acti-
vation barrier. J Chem Phys TR{120:T7375-T385. hips:fdoi.
org! T TGS 1 444720

[6] Ben-Amotz Dy, Scott TW (1987 Microscopic frictional for-
ces on molecular motion in liguds. Pioosecond notationsl
diffusion in alkanes and akohols J Chem FPhys
BT 37393748 htipsydol org/ 1010631 452028

[7] Caster EW, Maroncelli M, Fleming GR (1987) Subpi-
cosecond msoluion studies of splvation dymamics in polar
aprotic and aleohol solvents. J Chem Phys 86{3): 107001097,
Tottpes: ol o g 10, 106301 452249

[B] Kramers HA (1940) Brownian motion in a field of foree and the
diffusion mode] of chemical reactions, Physica T{4)284-304.

[%] Sun YF Saltiel J{1989) Application of the Kramers equation
1o stilhene photokomerization in nealkanes using transhitional
diffusion coefficients o define microviscmsity, J Phys Chem
320 N0 1 6. heps: Vol o 0010 1100363 MR

[10] Xu ), Fleming GR {201) omerization dynamics of 1, 17-
diethyl-4, 4'-cyanine {1144C) stodied by different third-order
nonlinear spectoscople messurements | Phys Chem A
105 1001 87-10195

[11] Yeshihara T, Druzhinin 5[, Zacharissse EA (A4} Fast
inramalecular charge ransfer with a plansr rigidized electron
donorfacceptor molecule. 7 Am Chem Soc 1885358539

[12] Mei I, Hong Y, Lam TWY, Oin A, Tang Y, Tang BZ (2014)
Agpregation-ndwoad emisson: the whole is more beilliant
than the parts Adv Mater 2603 1):5429-5479, hitps.dol o/
L, W2 adia 200 400 356

€] Springer

[13] L 1, Xie Z, Xie Z et al (2001) Agoregation-induced
emizgon of 1-methyl-12,3 4 S-pentaphenykilole.  Chem
Commun 18:1740-1741. httpe Sdod org/ 10, 191051 59k

[14] Wilson TN, Smith MD, Enkelmann WV, Bunz UHF (20d4)
Cruciform 1-systems: effect of apggregation on emission.
Chem Commom 4401500700101, httpsydod org! 10,1039
Aled 0]

[15] Hong ¥, Lam IWY, Tang BZ (2000) Aggregation-induced
emizsion: phenomenon, mechansm and applications. Chem
Commun 2943324353, hitpsdodorg! 10, 1B HO04665h

[16] Jayanty S, Radhakrishaan TP {24) Enhanced fluorescence
of remote functionalized dia minodicyanodquinedimethanes in
the solid stale and fluomscence swithing in a doped poly-
mer by solvent vapors Chem A Bur T 103):791-797.
Ttz il o 10, 1M chvem 2000305123

[17] Davis B, Saleesh Kumar NS, Abraham S et al [2008)
Molecular packing and solid-gate fuonmscence of aloxy-
cyang abstitwied diphenybutadienes structre of the
luminescent aggregies J Fhys Chem C 112{6):2137-2146,
Tt idoi o 10, 102 1T 10352m

[18] Zhao Z, Lam JWY, Tang BZ (2012) Tetraphenylethens: a
versatile ATE buiding block for the construction of efficient
luminescen materials for organic light-emitting diodes.
I Mater Chem 2345237623740, hitgs: Mdodorg/10.103
D2 jmi | Bdhg

[19] Twrme M, Scalane IO, Ramamwrthy V' (2010) Modem
molecular photchemisiry of organic molkecules, 1t adn
University Science Books, Hemdon

[20] Peng O, ¥i Y, Shuai Z, Shao T (2007) Supporting informa-
ton for towands quantitative predicton of moleculsr fwe-
rescence quantum efficiency: role of Duschinsky ot tion,
Sel York 1290300 1-10. hitpsdod orgd10, 102 1/ jaleT046¢

[21] HeZ, KeC, Tang BZ (200 8) Joumey of ageregation-induced
emizzion research. ACS Omega 3(3):3267-32T7, hitps:Vdol
o/ 10102 L facsomena BRMMG2

[22] Chen I, Law OCW, Lam TWY et al (20403) Synthesis, light
emission, nancaggregstion, and mstriced inramolecular
momtion of 1,1-substited 2,3 4 5-tetraphenylsloles, Chem
Maer 15(T):1535-1546. hitpeddod org/ 10, 121 femii21 71 52

[23] Ren ¥, Lam JWY, Dong Y, Tang BZ, Wong KS (2005)
Enhanced emssion & ficiency and excited state lifetime due
i redricted inFamolecular moton n sikle agoregates
J Phys Chem B 10030 11351140, httpsydod org/ 101021/
Jpldashz

[24] Lemg WLC, Xie M, Yuan W et al [214) Restriction of
intramolecular motions: the genem] mechanizm behind agpre-
patim-induced e miszion, Chem A Bur T20{47):1 534915353,
Tittpeidod gy 10U 1002 hem 201 403811

[25] Zhao W, He Z, Lam JWY ot al (2016) Rational molecular
design for achieving persistent and efficient pure organic

22



UNIVERSIDAD

ESCUELA DE
CIENCIAS QUIMICAS YACHAY
E INGENIERIA TECH

J Mater Sci

room-temperatune  plhosphorescence,  Chemistey  1{d):
502602 hitpsydol o/ 10,1016 chempr 201 608010

[26] Marizn CM (2012) Spin-orbit coupling and intersystem
crosing in molecules, Wiley Interdiscip Rev Comput Mol
Sl 220 187203, htips: Mdolorg' 10,1002 ve ms B3

[27] Ewon MS, Yu Y, Cobum C et al (2015 Suppressing
mokculbr motions for enhanced room-temperature phos-
phomescence of metal-free organic materials, Nat Commun,
Tt ol orm/L 0103 Be omms 04T

[28] Zhang I, Sharman E, Yang L, Jiang I, Zhang G (2018)
Agpregation-induced enhancement of moleculsr phospho-
rescence lifetime: a first-principle study. 1 Phys Chem C.
Tttgses o org/L 0102 1 faes jpoc, B0TORT

[24] Shimizu M, Takeds ¥, Higashi M, Hivama T (2000) 1,4~
Bisfakenyl}2 S-dipiperidinobenzenes: minimal  fluo-
rophores exhibiting highly efficient emission in the solid
state, Angew Chem Ini Ed 48{200:3653-3656 hiips:doi
oo 1, 106 a2 (WP 3

[30] Shimizu M, Tatsumi H, Mochida K, Shimono K, Hiyama T
{26 Synthesiz, crystal structure, and photophysical prop-
emies of (1E3IESE)], 34 6-tetranrylhens-1,1 S-rienas a
new cliss of Auorophomnes exhibiting agprepstion-indwced
emizgon, Chem Asian T (R0 2809-1207, hitpe: doiorg 10,
102 sda 00000 1

[31] Ming Z Chen £, Zhang O et al 2007) Aggregation-indeced
emizsion (AlEractive starburst riarylamine fuorophores as
potential non-doped red emitters for organic light-emitting
diodes and Cl2 gas chemodosimeter, Adv Fonct Maker
TR AM0—-3807. htipes: ol e gy’ 10, 1O i 200 TGS

[32] Nesowa DA, Zamcheniseva BP, Vigotdoaya S0, Klemesheva
NA, Komtkov VI (2014) The influence of the crystal
structure on aggregstion-induced luminescence of deriva-
tives of aminobenzoic acid, Opt Spectrose 11V 6) B80-886.
vt ol oL 001 1 34000300000 1 4 1201 7D

[33] Goulle ¥, Hamimen A, Lehn IM {1993) An electro-photo-
swich redox swiching of the luminescence of a bipsridine
metal complex. T Chem Soc Chem Commun 120 10041036,
bty b oL 0 TOGGAC 3003040 1 034

[34] Lin HT, Huang CL, Liou GS (2019 Design, synthesis, and
elecralworoc hromism of new riphenylamine derivatives
with AlE-active pendent groups. ACS Appl Mater Interfaces
T2 0 1 aR4-1 1690, Ittpsidod org! 10 102 facsami Ol
aSe

[35] Yen HI, Liou GS {201%) Design and preparation of triph-
enylamine-hesed polymeric materizls towards emergent
optoelectronic applications. Prog Polym Sci 89250287,
Tttgs: dod oL 0100 6§ progpolymect 2008 12001

[36] Yeh HC, Wu WC, Wen Y5, Dai DT, Wang JE, Chen CT
{26} Deerivative of o, f-dicyanostibens: convenient poe-
curnt for the synthesis of diphenylmaleimide compounds,

E-Z isomerization, crystal snectune, and solid-state fuones-
cence. J Org Chem 019064556462, hitpsydolorg/ 1001
021 o095 12

[37] Toh KC, Stojkovic EA, van Stoldows THM, Mottt K, Kennis
IT™ (20100 Proton-transfer and hydmogen-bond ineractons
delermine fluorescence quantim yield and photochemical
efficiency ofbac teriophyinchmome. Proc Natl Acad Sei 107200
D100 75, https s idod org 10, 10T 3pnes 001 1535107

[38] Petong P Potel B, Kastze T (2002) Dielectric relaxation of
H-bonded liguids. mixtumes of ethanml and nheoanol at
different compositions and Eemperatmes. 1 Phys Chem A
TR 61146121, hittpeydolorg’ 10,102 1jpd@ 1 (sl

[39] Mondal A, Ghosh HN, Mukheree T, Palit DE (2005) 52
fluprescence and ultrafast relaation dynamics of the 82 and
81 states of a ketocysninme dye. J Plys Chem A
1031 68366846, hips:Sdolorg/ 101021 jp0508498

[40] Mondal JA, Samant V, Vame M et al (2000) The mle of
hypdrogen-bonding ineractions in e ultrafast relaxation
dynamics of the excited gtates of 3- and 4-aminofl woren-9-
omes ChemPhyaChem 1001720053002, hops: Mdolorg' 1
0, 10 e, 2008325

[41] Fayed TA, El-Morsi MA, El-Nshass MN {2011)
Inframolecular charge transfer embsion of a new ketooya-
nine dye: effects of hydrogen bonding and electrolyie.
I Photochen Photobiol A Chem 2240103845, hitps:Vdol
o/ 10, 100 6 Jphotochenm 201 109004

[42] Benigno Al, Ahmed E, Berg M (1996) The influence of
solvent dynamics on the lifetime of soluie-solvent hydrgen
bonds. T Chem Phos 102190 TI82-T304, httpe:doi org/ 10,
10631471454

[43] Li ¥, Li F, Zhang H et al (2007) Tight intermolecular
packing through supramoleculsr interactions in crystals of
cyang substitwied oligodparz-phenylene vinylenel: a key
factor for agoregation-induced emisson. Chem Comnwun
13231233, htpsdod org/ 10103 %be 1 2732k

[44] Ewrita M, Momma M, Mimuguchi K, Nakano H (2013)
Fluworeacence color change of agemegation-induced emission
of  d-[bigd-methylphenyamino]benzaldehyde.  Chem-
PhyaChem 1401 T) 38983900, hitps:\dolorg/ 10100250 phe,
200 300 THL

[45] MNie H, Lisng Y, Han C, Zhang B, Zhang X, Yan H (2019)
Rational design of cyanovinyl-pyrene dusl-emission ATE-
gens for potential application in dusl-channel imaging and
ratiometric sensing in living cells, Diyve Pigment 1684248
Tntbpes:ided orgy 10, D0 6 dve g 2001 9044 054

[46] Zm L, Zhao Y (2013 Cyancstibene-based intelligent
organic opelectronic materials, J Mater Chem C
1{e): 10591065, hips ol org! 10, 10092 00693

[47] Grabowsdi ZR, Rotkiewicz K, Retig W (2003) Structural
changes accompanying  ntramoleculsr electron  transfer:

&) Springer

23



UNIVERSIDAD

ESCUELA DE
CIENCIAS QUIMICAS YACHAY
E INGENIERIA TECH

J Mater Sd

focus on twiged ntramoleculsr charpe-transfor states and
structures, Chem Fev 108100 38994032, httpsdol org'|
0, 1021 ferdadr 7451

[48] Kawamura ¥, Sasshe H, Adachi C (XMd) Simple accurate
system for messuring shanlue photslwminescencs quaniem
efficlency in organic solid-state thin films. Jpn I Appl Phys
Part | Regul Pap Short Notes Rev Pap 431 1A TT29-7T730.
httgs: Sdolorg/ 10,1 143 jap 43, 7720

[49] Sharafy S, Musmkat KA (1971) Viscosity dependence of
flugrescence quanium  wields J Am  Chem Soc
A1 Tea 1194125, htbpeey'ddod org! 1O 121 ol Tebfeeal Wil

[50] Lin ¥, Cap ¥, Li X, Li Y, Wang B (2019) Cyano-fune tion-
alized diarylethene dervatives with aggregation-induced
emission enhancement and pezofluworochmomic behaviows
Aust ] Chem  T25)360-374  httpe/dol org/10. 1071/

CHI18450
[51] Chen Z Li Z, Hu F, Yu GA, Yin I, Liv SH (2018) Nowvel
carbazolebased  ampegation-induwced  emisson-active

gold{l) complexes with varios mechanofl wrochromic
belaviors, wol 125, Elsevier, Amatendam. bt idod o 10,
101 6. dyepig. 200 5. 10,038

[52] Han T, Feng X, Chen D, Dong ¥ (2015 A diethy-
laminophensl functionalized Schiff base: crystallization-in
duced emisim-enhancement, swithable fluorescence and
application for security printing and data storage. ] Maier
Chem C 3(28): 74467454,  htpsidoiorg/10, 10039 c5e
Y]

[53] Sheng O, Jin O, Lun J et al (2018) Mo,BOy nanowine
enshled multifunctional solid-stte electrolytes with high
ionie  conductivity, excellent mechanical properties, and
flame-retardant performance. Mano Let, hops/dolorg’ 10,
1021 faes namo et Bh00e 59

[54] Zhang X, Ma Z, Yang Y, Zhang X, Jia X, Wei Y (2014)
Fine-wning the mechanofluwmehromic properties of ben-
zothiadinzole-cored  cyano-mbstituied — diphenyletens
derivaties through D-A  effect. ] Maer Chem C
242 B2-R038, https:Ydolorg/ 101039 4l 457]

[55] Luo X, Li L, Li C et al (2001) Reversble switching of the
emizgion of diphenyldibenzofulvenss by themwal and
mechanical simull Adv Mater 23{29):3261-3265, hitps: 'd
olorg 10100 adma 201 101059

[56] Shen XY, Wang Y], Zhao E et al (2013) Effece of subsati-
tution with donor—acceplor groups on the properties of tet-
raphendethene  wimer:  agrregafion-induced  emission,
solabchromizm, and mechanschromizm. J Phys Chem C
TITAYTI-T34T. httpes b org/ DO, D021 jp3 1 1 3600

[57] Cao YO, Xi 'Y, Teng XY, Li Y, Yan X, Chen L {201 7) Alkoxy
substitwied D-n-A dimethyld-pyrone derivatives: ageregation
induced emision enhancement, mechanochromic and

) Springer

solvaichmomic propeties Diyve Pigment 137:75-83. htipsyid
olorg/ 101006/ dyepiz 200 6.0 063

[58] LinY, Lei ¥, Li F et al {2016) Indene-13-dionemethylene-
dH-pyran derivatives containing alkoxy chaim of varous
kengthe  apgrepstion-indwced  emission  enhancement,
mec lmnoflluorechmomic  properties  and  solvent-induced
emisson changes. J Mater Chem O 4(14): 28622870, hiip
ol org! 10, 10350003 2e

[59] Teng X¥, Wu XC, Cao YOy et al (2007 Plezochromic
luminescence and aggregation induced emizsion of 9,10-
s [2 - 2-al keoxynaphithal en- 1 -y vinyTanteac ene deriva-
tives, Chin Chem Lett 28(7): 14851491, httpsydol org/ 10,
100 &/ cclet 200 TO2008

[60] Vincett PS, Woigt EM, Rieckhoff KE (1971) Phosphones-
cenoe and fluorescence of phthalecyanines. ] Chem Flys
SSHe4131-4140, hitpsdol org/ L0 D63/ L 1ETET14

[61] Carueo U, Panunzi B, Diana B et al (2018) Supplementary
materials ATESACD) effects in two DREMIE emitters: a
sructural and DFT comparative analysis, Molecules 23:2—4

[62] Carueo U, Panunzi B, Diana R et al (2018) ATE/AQQ effects
in two DR/NIR emiters: a strucheral and DFT comparative
analysis, Molecules 23(8) 1947, hitpsyidolorg 10330 mol
eculesBI0R 1947

[63] Chen SY, Chiv YW, Liou GS (2019) Substituent effects of
AlE-active  a-cyanostilbene-containing  tiphenylamine
derivatives on electrofluorochromic behavior, Nanoscale
{1 T 8578603, hitpsdol org/ 10, 10399026024

[64] Hwrlock M1, Ean Y, Leérivain T, Lapka I, Nash KL, Zhang
Q (201 8) Mokoular sssociation-induced emission shifts for
EZ ispmers and selective sensing of niroammatic explo-
gves, Cryst Growth Des 18{100:6197—-6208. hitpsy/dol.or g
10 1021 facs. cpd B0 1065

[65] Lidy, Li Z {2007) The strong light-emission makerdak in the
apgregated state: what happens from a single molecule to the
collective group Adv Sci $(7):1-15. hitps:Sdolong/I0.100
Liadhs 201 GO04R4.

[66] Xie ¥, Tu J, Zhang T et al (2007) Mechanohm inescenc e
from pure hydrocabon  AlEgen. Chem Comimun
SR 1133011333, htpeddol org/10, 1039/ Toold s 3d

[67] Li Y, Lin H, Luo C et al {317 Aggregation induced red
shift emision of phosphorus doped catbon dots RSC Adv
TE 32225832228, https: Mdod org/ 10,1039 Trald TH1a

[68] Zhang ), Su L Feng D, Wel Z, Zou X, Zheu H (2015)
Piezofluorchromic metalorpanic framework: a micro-scis-
aor Hift, J Am Chem Soc 1372-7

[69] Wei Z, Gu Z, Arvapally RE et al (2014) Rigidifying fluo-
resent linke s by MOF formation for flworese ence blue shift
and quantum  yield enhancement, ] Am Ceram Soc
136 R260-82T6

24



UNIVERSIDAD

ESCUELA DE
CIENCIAS QUIMICAS YACHAY
E INGENIERIA TECH

J Mater Sci

[T0] Shswva NB, MoCarthy BD, Dincs M (200 1) Tum-on -
rewence in tetraphenylethylene-based metal-organic frame-
waorks: an allemative to agmregation-induced emision, I Am
Chem Soc 133(500:20126-20129, httpsydolorg 10,102 1a
232 Tg

[71] Yang X, LuR, ZhouH et al {2008) Apprecation-induced blue
ahift of fuoneseenc & emission due to suppression of TICT ina
phenothiazine-based organogel. ] Colloid Interface Sci
F3N2 521532 it bl e L 0L 1O 6], jeis 2009 07 033

[72] Bloor D, Kagawa Y, Szablewski M et al (2001) Matrix
dependence of light emission from TCNQ adduwis, J Maker
Chem 11{12):3053-3062. hitps:fdol org 1010391 0490

[73] Chandalwi OG, Patra A, Radhakridmen TP (2000) Poly-
electrolyte-sssisted formation of molkculr maoparticles
exhibiting stongly enhanced Auorescence, Chem A Bur J
1200 Retr0—R 706, it ol om0, D clem 201 000502

[74] Patra &, Chandaluri OG, Radhalkrishnan TP (2012) Cphical
materials based on molecular manoparicles. Wanoacale
42343359, s ol org/ 10, 1% e lnrl 1313

[75] Srujana P, Radhakrishnan TP (2015) Exemively reverdble
thermal transformations of 2 bistable, uwmesence-swith-
able molecular solid: entry nto functional molecular phase-
change materials, Angew Chem Int Bd 54{25): 270721,
Ittps: fdolorg/ L0, 1 02 A e, 201500032

[76] Kagawa ¥, Takads W, Masuds H et al (2016) Photo-and
electrouminescence for TCHMQ-aming adduct. Mol Cryst
Lig Cryat Sci Technol Sact A 2000349490502 hitps:id
olorg! 1O ORF LOSET2S0008024971

[T7] Pikson 10y, Vaughan HL, Smith A et al (2006) Guesthost
interactions between diclhroic dyes and snisotropic s, ] Lumin
TR 013122, Iuttpese el oorgy 10, 10 16 B 20406 003,007

[T8] Chandaluri OG, Radkakrishnan TP (2012) Amomphous-to-
crydalline transfomration with fuorescence enlancement
and swikthing of moleculsr nenopanticles fined ina polymer
thin film. Angew Chem Int Ed 510473 1184911852, hap
g:ffdod org/ 10,1 002 a0k, 201205081

[M9] Jayany S, Gangepadhyay P, Radhakrishnen TP (2002)
Sieering molecular dipoles from centrosymmetric 10 a non-
centrsymmetdc and SHG active assembly using remoie
fimctionality and complexation. ] Mater Chem
1292702707, https: Fdolorg/10, 10395202 fldm

[80] Paim &, Hebalkar N, Sreedhar B, Radhakrishnan TP { 2607)
Formation and growth of moleculsr neanocryatal probed by
their  optical properties J Plys Chem C 111{44):
1618416191, htpsyidol org 10 1021 p 75103

[£1] Cole IM, Copley RC, Melntyre G, Howard TA, Szablewslki
M, Cross GH (2002) Charge-density sudy of the nonlinear
optical precursor DED-TCMQ at 20 K. Phys Rev B Condens
Matter Mater Phys 65(12): 1 251071-12510711. htps: ddol.
org/ 10,1 103,/ PhysRevB 63125107

[#2] Chandaluri CG, Radhakrishnan TP (2003) Hierarchical
asmembly of amolecular material throwgh the amonous phase
and the evoluiionof i fluorescence emisslon ] Mater Chem C
1E9 a4 71, hitgs: dod o' L LB c30c306] 5a

[#3] Seablewski M, Fox MA, Dim FE et al (2004) Ultrafagt
dynamics snd computational  sudies on disminodi-
cyanoquinedimethanes (DADE). 1 Phys Chem B
118247681 5—a828, hitpsyVdoiorg/ 101021 jpadl 13584

[#4] Seablewski M, Bloor Dy, Kagawa Y et al (2006) Matrix
dependence of blue light emission from a novel NH
2-functionalized dicyancquinodimethane derivative, J Phys
Orrg Chem 193206213, hiips: ¥dol org' 101 (2 poc. 10

[85]) CrossGH, Hackman WA, Thomas PR, Seablewski M, Pélsson
L0, Bloor T (2003) Local field and agorepation dependendce
of the micee- and macscopic optical non-linearity of Dwit-
teronic molkcules, Opt Mater Amst 21{1-3:29-37, hiipsyid
olorg 101016/ S0025- 346 02 W01 08-§

[#6] Ravi M (1998) A smple method for the egimation of
hyperpolarisabilities: application o diaming substinted
dicyanoquinodime thane molecules, Proc Indian Acad Sci
(Chem  Sci)  1102R133-141.  hitpedod org! 10 1007
BRIZETIISD

[87] lyanty S, Radhakrishnen TP (X601} Solid-state charge
transfer promoted by an anchoring agent: & twio-oom pomnent
analogwe  of Kofler's temary complex. Chem Mater
1A & 2022077, Tt ediol orgs 10, 1021 e R4]

[88] Jayanty S, Radhakrizhnen TP (2001) Modeling molecule-in-
acrystal: the case of push—pull quinonodids structural modi-
fications that molecules undergo when they asemble inbo the
crystalline date ame important ndicators of the micoenvi-
ronment i de moleculbr erystal  Accurate Appra
12 24680-2452

[#4) Ravi M, Szablewsld M, Hackman NA et al (1999 Cryatal
aructures of aming substituied dicyanoquinodimethanes
with potential nonlinear optical applications. New ] Chem
T H R4 R, httpsidodorg 10 109 A0 T

[%0] Srinivasa Gopelan B, EKukami GU, Ravi M, Rao CHR
{2001) A charge density study of an intramolecular charge-
ransfer quinodd compound with strong NLO properties
MNew I Chem 250931 108-1 110, httpsydod org/ 10, 103%h
10117

[#1] Eyanity S (2004) Enhanced fluorscence of remote fumc-
tionalized dizm nodic yanoguinod me thane s in the solid state
and Aluorescence swiching in a doped polymer by sobvent
vapors Chem A Bur 1 Wiley Online Libe. httpsy'dod o/ 10,
1002 et 2040305 1 23wl |

[92] Ravi M, Gangopadhyay F, Rao DN, Cohen 3, Agranat [,
Radhakrizshman TP {1998) Dual influence of H-bonding on
the mlid-state second-hamondc generstion of a chiral

&) Springer

25



UNIVERSIDAD

ESCUELA DE
CIENCIAS QUIMICAS YACHAY
E INGENIERIA TECH

] Mater 5d

quinongid compound. Chem Mater 923712377, hip
s:fdolorg/ 10102 LemR00 128
blisher's M Springer M remaing tral with
[93] Srujana P, Gera T, Radhakrisghman TP (2016) Fluorescencs Fu 1 to p:::‘-:l 1 dai am: Hlis} !m:'nipaand
enlancement in crystals tued by a2 moleculsr wrsion angle: institutional affliat
a model & analyze structural impact ] Mater Chem C
A2TeeS 106515, hips: Adolorg/1 0103 % ftad ] 610

26




S

ESCUELA DE_
CIENCIAS QUIMICAS
E INGENIERIA

Chapter 2.

Methodology

27



S

ESCUELA DE _
CIENCIAS QUIMICAS
E INGENIERIA

2.1.General information
2.1.1. Reagents

Al reagents were purchased from commercial sources and used without further
purification. Acetonitrile was purchased from Scharlau with an HPLC purity grade, 2-
chloronitrobenzene, pyrrolidine and ethylenediamine were purchased from Sigma
Aldrich with a 99% purity, chlorobenzene, Sulfuric acid were purchased from J.T.Baker
with a 97.99% purity, nitric acid was purchased from Emsure at 65% purity, TCNQ,
dichloromethane, sodium sulfate. TLC silica gel 60 plates by Merck KGaA were used for
thin-layer chromatography. Silica 60 0.04-0.063 mm by Marcherey-Nagel were used for
Column chromatography.

2.1.2. Equipment

UPLC-MS spectrometry was performed on a Waters instrument comprising a binary
system manager (ACQUITY UPLC® I-Class) with a reversed-phase column SunFire™
C18 3.5 um (2.1x100 mm) and an automatic injector and Waters® SYNAPT® G2-S/Si
as mass spectrometer. Linear gradients of MeCN (0.01% formic acid) into H20 (0.01%
formic acid) were run at flow rate of 0.3 mL/min. The solvents for UPLC were H>O (Type
1), and MeCN (HPLC quality) with a gradient 5 to 95% MeCN to H,O. IR spectrometry
was performed on a mid-infrared spectrometer (Agilent FTIR, cary 630) equipped with a
single reflection, diamond attenuated total reflectance (ATR), working in a wavelength
range of 5100-600 cm™. With a 25 mm interferometer permanently working Michelson
45°. UV-Vis spectrometry was performed on a double beam, double monochromator ratio
recording UV/Vis/NIR, (PerkinEImer Lambda 1050). Equipped with Tungsten-halogen
and deuterium lamps operating from 175-3300 nm with a detector photomultiplier R6872
for high energy in the UV/Vis wavelength range, controlled by PerkinElmer WinLab
software. The fluorescence spectrums were measured with a miniature Fiber Optic
Spectrometer, 2-MHz analog-to-digital (A/D) converter, 2048-element CCD-array
detector, resolution to 0.1 nm (FWHM), (USB2000+, Ocean Optics), connected to a PC
via USB 2.0 port controlled by OceanView software. The source used for excitation was
a Fabry-Perot laser diode class 3R, 405 nm, bandwidth 1 nm, output power 4.0 mW,
vertically polarized and multi-longitudinal mode, collimating lens (Thorlabs, model

LDMA405). Thermo-scientific Nanodrop UV-Vis spectrophotometer.
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2.2.Chemical section — Synthesis

2.2.1. Synthesis of 1-chloro-4-nitrobenzene (1)

¢ Procedure reported in Ref.!* was followed with minor modifications.

Chlorobenzene (112 g, 1 mol, 1.45 eq) is added to a round-bottom flask and
heated on a water bath to 40°C. With a vigorous stirring a mixture of sulfuric
acid (60 g, 32.6 ml, 0.95 mol, 1.38 eq) and nitric acid (68 g, 45 ml, 0.69 mol, 1
NO, €q) is added dropwise to the chlorobenzene. Addition of the acid requires
1 around 10 minutes, controlling that the temperature is between 40 — 50 °C.
Stirring is continued for two hours while the temperature is slowly reduced. Then, the
mixture gets cooled in an ice-bath, occasionally stirred with a glass rod until the product
precipitate. After standing in the ice-bath for some time, precipitate is filtered off and
washed with cold water, to yield p-chloronitrobenzene (1). The precipitate has an

appearance of light yellow flakes (80 g, yield of 50.77 %).
Mp: 79.9-81 °C (Lit.* 80-83 °C)

2.2.2. Synthesis of 7-pyrrolidino-7,8,8-tricyanoquinodimethane (2)

O Procedure reported in ref.® was followed with minor modifications.
N § Pyrrolidine (69.7 mg, 81ul, 0.98 mmol; 0.8 eq) was added at once to a

warm solution (50 °C) of 7,7,8,8-tetracyanoquinodimethane (TCNQ) (251

mg, 1.22 mmol, 1 eq) in 20ml of acetonitrile. Initially the TCNQ solution

presents a green color which, after the addition of pyrrolidine, changes to
NC N a dark green for a split second and rapidly turned dark purple. The solution
was stirred at 60 °C for 4.5 hours. After this, the solution was cooled to
room temperature and then stored in the fridge for three days to allow the crystallization
of the product. Finally, the mixture is filtered out to obtain fine purple crystalline needles,
which are washed with cool acetonitrile (3x5 ml) and dried over a day under reduced

pressure to obtain 2 (199.3 mg, yield of 80.36 %).

Mp: decompose at 190 °C

FT-IR (ATR) ¥ (cm-1): 2192.44(w), 2163.23(w)

UV/Vis (ACN) Amax (nm): 559

ESI-MS (m/z): calculated for C1sN4H12 = 248.3255, found: 249.0986 corresponding to
[M-HJ
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2.2.3. Synthesis of N-(4-nitrophenyl)ethylenediamine (3)

i\~ Procedure reported in Ref 1’ was followed with some modifications.

Previously synthesized 1-chloro-4-nitrobenzene (1) (0.79 g, 5 mmol, 1

eq) was dissolved in a round bottom flask with ethylenediamine (1.5 g,

1.67 ml, 25 mmol, 5 eq). Then, the reaction temperature was raised to

NO, 110 — 120 °C keeping a vigorous stirring for six hours. After that, the

mixture cooled at room temperature, and the evaporated under reduced

pressure. The crude is dissolved in the minimum amount of ethanol and purified by

chromatographic column, using methanol as mobile phase. All fractions were analyzed

by TLC and the matching phases were collected and concentrated under reduced pressure
to obtain (3) as light orange crystals (0.404 g, yield of 44.64 %)

Mp: 144-145 °C (Lit.!8 148-150 °C)
UV/Vis (ACN) Amax (nm): 382

2.2.4. Synthesis of N-(2-nitrophenyl)ethylenediamine (4)

H

M\, Procedure reported in Ref * was followed with some
modifications. Comercial 1-chloro-2-nitrobenzene (1.58g,

NO: 10mmol, leq) was dissolved in a round bottom flask with

4

ethylenediamine (2.97 g, 3.3 ml, 50 mmol, 5 eq). Then, the
reaction temperature was raised to 110 — 120 °C keeping vigorous stirring for five hours.
Later, the mixture was cooled to room temperature, and then evaporated under reduced
pressure. The crude was re-dissolved in DCM and dried with Na>SOa. Finally, the product
was filter and concentrated under reduced pressure to obtain (4) as light orange crystals
(1.52 g, yield of 83.97 %).

Mp: 256-258 °C (Lit.1° 260-261 °C)
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2.2.5. Synthesis of 2-(4-(imidazolidin-2-yl)phenyl)malononitrile (a)

I{—\ Procedure reported in Ref ® was followed with minor modifications.
: N Ethylenediamine (26.6 mg, 0.44 mmol, 1 eq) was added to a previously
warmed solution (at 40 °C) of PTCNQ (110 mg, 0.44 mmol, 1 eq) in
acetonitrile (10 ml). The solution changed rapidly from deep purple to an

intense green and within the next minutes it changed to yellow. Then, the

NC CN temperature was raised to 70 °C and the reaction was stirred over the next four
hours. The mixture was cooled slowly at room temperature for three hours

and let it rest overnight in the fridge to allow the product crystallization. Finally, the
mixture was filtered off and washed with cool acetonitrile (3x5 ml) to yield a fine grain

yellow powder (66.3 mg, yield of 71.75 %).

Mp: Decompose at 317 °C (Lit.%° Irreversibly decompose at 280 °C)

FT-IR (ATR) ¥ (cm-1): 3178.23(m), 2183.97(m), 2144.11(s), 1578.25(vs), 1503.04(vs),
1325.32(vs)

UV/Vis (ACN) Amax Nm: 408

ESI-MS (m/z): calculated for C12N4H10 = 210.2332, found: 210.1280 corresponding to
[M+H]*

2.2.6. Synthesis of 2-(4-(1-(4-nitrophenyl)imidazolidin-2-
yl)phenyl)malononitrile (b)

Procedure reported in Ref 1® was employed as an analogous

HN'\ /N
method for the synthesis of 2-(4-(1-(4-
NO,

P nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b).
Qj Compound (3) (0.3 mg, 1.66 mmol, 1 eq) was dissolved in 10

ml of acetonitrile and added to warm solution (at 50 °C) of
CN PTCNQ (2) (0.411 g, 1.66 mmol, 1 eq) in 10 ml of acetonitrile.

b
The solution was heated and stirred to reflux for seven hours and then it was allowed to

Ne”T N

cool down at room temperature and immediately after it was stored in fridge for one day
to allow the product crystallization. The obtained precipitate was filtered in vacuum and
washed with cool acetonitrile (3x3 ml). Finally, the obtained solid is recrystallized in

acetonitrile to get product (b) as yellow needles (0.286 g, yield of 52.15 %).

Mp: 161.9 - 163.7 °C
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FT-IR (ATR) ¥ (cm-1): 3282.74(m), 2175.03(m), 2123.65(s), 1593.89(vs), 1547.23(m),
1448.98(m), 1305.40(vs)

UV/Vis (ACN) Amax (hm): 371

ESI-MS (m/z): calculated for C1802NsH12 = 331.3255, found: 331.1743 corresponding to
[M+H] ™

2.2.7. Synthesis of 2-(4-(1-(2-nitrophenyl)imidazolidin-2-
yl)phenyl)malononitrile (c)

no;  Procedure reported in Ref 1 was employed as an analogous method for

H the synthesis of 2-(4-(1-(2-nitrophenyl)imidazolidin-2-
yl)phenyl)malononitrile (c). PTCNQ (2) (101.3 mg, 0.4 mmol, 1 eq)

was dissolved in 10 ml of acetonitrile at 40 °C. Then, compound (4)

(73.84 mg, 0.4 mmol, 1 eq) was added to solution. The reaction was

NC CN heated at 60 °C and let it stir over four days. The reaction was followed
by thcin layer chromatography, which showed that after four days the reaction does not go

further.

2.3. AlE studies
2.3.1. Quantum yield (QY) measurements

Quantum yield measurements (QY) were performed using the comparative method of
Williams et al,?* which involves the use of characterized standard samples with
previously known QY values. With this approach, it can be assumed that standard and
test sample solutions with absorbance at similar wavelengths will be absorbing the same
number of photons. Therefore, a ratio between the integrated fluorescence intensities of
the two solutions (recorded under identical conditions) will yield the ratio of the quantum
yield values. Since QY is known for the standard sample, the QY for the test sample can

be easily calculated.??

Hence, for this approach a was used as the standard sample and b as the test sample. Both
were diluted in DMSO at a concentration of 200 ug/ml and placed in scrupulously clean
1cm fluorescence cuvettes. The emission spectra of both, reference and sample were
recorded in full and corrected for the blank (solvent only) to perform proper emission
intensity integration. The configuration used for data collection was a 180° excitation-

fluorescence detection geometry, with a slight deflection of the optical fiber from the
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excitation source to avoid any interference signal from the source. Additionally, a careful
description of the fluorescence spectrum must be done by the selection of a mathematical
function that adequately describes the profile of the spectrum. Due to the considerable
asymmetry exhibited by Fluorescence spectra, Log-Normal profiles are most often used.?
Also, the absorption (optical density) of both samples were recorded under the same
conditions as the emission spectrum. Finally, the relative quantum yield (QY) of the
sample in the solvent used (DMSO) was calculated according to in equation (1)

B, = Py 12l (1LY T &

St Intge \1-104x /) n2,

Where, ® refers to the quantum yield, Int is the area under the emission peak, A states
for the absorbance at the excitation wavelength and n is the refractive index of the used
solvent. The subscripts st and x denotes the values of the standard and test samples,

respectively.

2.3.2. Theoretical approach

Quantum chemical calculations has been conducted in DADQ derivatives to obtain a
further insight into the possible reasons of fluorescence enhancement produced in this
molecules. All geometry optimizations were initially optimized using a force field
approach with Avogadro and later with the program package Gaussian 16 (revision A.03).
The ground and excited state optimizations were carried out at the Cam-
B3LYP/def2TZVP level of Density Functional Theory (DFT), adding GD3BJ as the
dispersion correction factor.? In addition, the Polarizable Continuum Model (PCM) using
the integral equation formalism variant (IEFPCM) as the SCRF with acetonitrile (ACN)
was used as implicit solvent model. The structure optimizations were ensured to be at its

minimum through frequency calculation in each structure.

2.4.Antibacterial Activity

2.4.1. Preparation of inoculums
2.4.1.1. Culture media
Prepared by a mixture of Luria-Bertani LB broth base (7.5 g) with agar-agar (10 g), place
in a clean 1-liter flask, and add 500ml of distilled water. Note that containers used for
media must have vented tops and should be capable of holding 20 % more than the
intended volume of medium, to allow for expansion during sterilization. Swirl the flaks

to mix the powder mixture into the water as homogenously as possible. Cover the flask
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with aluminum foil and put it in the autoclave, set the equipment at 1atm and 120 °C for
30 minutes. Once the sterilization finishes, take the flask out and let it cool down for 40
to 60 minutes.

Set the needed petri dishes in a laminar flow hood and pour the culture media inside the
petri dishes until the whole area of the plate is completely covered. Allow the plates to

cool and the agar to completely solidifies.

2.4.1.2. Bacteria strains
Escherichia coli (DH5-alpha) was chosen for antibacterial activity evaluation. The
bacterial stock cultures were incubated for 24 hours at 37 °C on Luria Bertani (LB) broth
base, following by refrigeration storage at 4 °C.

2.4.2. Antibacterial tests

Two techniques were used to test the antibacterial activity of synthesized DADQs (a, b,
2 and 3). The agar diffusion technique and optical density (OD) measurements were
applied in order to study of antibiotic efficacy of the synthesized molecules.

2.4.2.1. Agar diffusion

Different dilutions of the selected compounds (a, b, 2 and 3) were prepared at different
concentrations (Img/ml; 0,1mg/ml and 0,01mg/ml) each one, using 5:5 water/DMSO
system as solvent. Once the solutions are prepared, firstly it is necessary to inoculate the
agar plates containing the appropriate medium with the bacteria strains. Then, three ul of
each solution were added onto the agar plates and incubated at 37 °C for 24 hours. After
that, the inhibition zones were observed under uv-light. Ampicillin (100 pg/ml),
Kanamycin sulfate (100 ug/ml) and the solvent system (5:5 water/DMSO) were used as

positive controls.

2.4.2.2.  Optical density measurements (OD)

Optical density measurements were performed on a Thermo-scientific Nanodrop UV-Vis
spectrophotometer. Absorbance measurements were taken every 30 minutes at 600 nm
wavelength and room temperature. Six different test tubes were prepared with 2.5 ml of
Luria Bertani (LB) broth base and 135 pL of E. coli (DH5-alpha) strains to obtain an
initial ODeoo Of 0,02. For tube 1 nothing else was added, while for tube 2 it was
additionally added 100 pL of the solvent system (5:5; water/DMSO). For tubes 3, 4, and
5 it was added 100 pL of 1mg/ml solutions of compounds 2, a and b respectively. In

addition, another test tube was prepared for 3 under the same conditions but with a
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variation on the solvent system. In this case just water was used; due to, the high
hydrophilicity of this compounds unlike compounds (3), (a) and (b) which needed to be

previously diluted in DMSO. All test tubes were kept in a shaker incubator at 37 °C for
the entire measurement period.
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Chapter 3

Results and Discussion
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Diaminodicyanoquinodimethanes derivatives (DADQs) have proven over the years
strong emission enhancement as crystals,?*% colloids,* thin layer films or even in viscous
matrices.?® Furthermore, since 1962 a prototype molecule having an imidazolidine group
named 2-(4-(imidazolidin-2-yl)phenyl)malonitrile (Figure 1, Structure a),?’ has been used
for different studies on linear optics?®° and solar cell application.>3 Despite of this, 2-
(4-(imidazolidin-2-yl)phenyl)malonitrile (a) had never been isolated or characterized
structurally until 2016, when Srujana® reported a synthetic approach which required the
use of a sacrificial pyrrolidine. 2-(4-(imidazolidin-2-yl)phenyl)malononitrile (a) with a
rigid and compact imidazolidine could be the ideal scaffold to perform structural
modifications through substitutions on the nitrogen atoms, with potential impact on the
emission enhancement in the solid state. Also it could serve as a model to subsequent

develop of more complex systems.

In the present work, we report the synthesis and structural characterization of 2-(4-
(imidazolidin-2-yl)phenyl)malonitrile (a) and two N-alkylated derivatives b and c
(Figure 1). In addition, the systematic variations of the emission enhancement and
different biological tests was also studied. Finally, structural and computational analysis
were used to explain the obtained results, and provide a general approach to conceptualize
the impact of intra- and inter- molecular interactions on the AIE phenomena of organic

fluorophores.

NOz

NC CN NC CN
a b

NC CN
Cc

Figure 1. Molecular structure of the target molecules. a) 2-(4-
(imidazolidin-2-yl)phenyl)malononitrile. b) 2-(4-(1-(4-
nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile. c) 2-(4-(1-(2-
nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile.
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3.1.Synthesis
3.1.1. Synthesis of 2-(4-(imidazolidin-2-yl)phenyl)malononitrile (a)

The synthetic procedure to obtain a was followed with minor modification from ref.'

(Scheme 1)
NC. CN N D | \H
NH
| H | HoN” NS
leq
. Q -
0.9eq |
N CN N CN NC CN
2 a

1eq

Schemel. General approach for the synthesis of 2-(4-(imidazolidin-2-
yl)phenyl)malononitrile (a).

At first 7,7,8,8-Tetracyanoquinodimethane (TCNQ) was reacted with a sacrifice
pyrrolidine to favor substitution in the germinal cyano group of TCNQ.® Also, the use of
a pyrrolidine avoids the formation of possible oligomeric or polymeric species once the
corresponding diamine gets added to the TCNQ.?° After that, 1 eq of 7-pyrrolidino-7,8,8-
tricyanoquinodimethane (PTCNQ) (2) reacts with 1 eq of ethylenediamine, as shown in
Schemel, to produce 2-(4-(imidazolidin-2-yl)phenyl)malononitrile (a).

After 5 minutes of the addition of ethylenediamine to the solution of PTCNQ and
acetonitrile the color of the reaction changes from deep purple to light yellow. The
progress of reaction was followed by thin layer chromatography (TLC) and once all the
PTCNQ is consumed remove the stirrer and let the solution slowly cool down to room
temperature. Finally, solution was stored in the fridge for 1 day, filtered off and rinsed
three times with cool acetonitrile. Then, store it in the fridge for 3 days at -4°C to ensure
that most of the product get crystalized or precipitated and wash with cool acetonitrile.
The product precipitates as yellow powder with a yield of reaction of 72%, very similar
to those previously reported.'® The purity of product a is proved by TLC, showing that

neither any starting reagents nor by-products were present in the final product.

3.1.1.1. Characterization of 2-(4-(imidazolidin-2-yl)phenyl)malononitrile (a)

The compound a was characterized using UV-Vis, FT-IR and ESI-MS spectrometry, and

the results confirmed the structure.
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UV-Vis spectra was measured in HPLC grade acetonitrile in a range between 250-850
nm. The absorption spectra show a single peak at 408 nm which could be the result of
aromatic n-n* electronic transition but it may also be due to intramolecular charge transfer
that could be produced by the intrinsic zwitterionic chacarteristics of the DADQ’s.®
(Figure 2)

0,25

o
e 5 ©
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Absorbance intensity

o
o
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o
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Wavelenght (nm)

Figure 2. UV-Vis absorption spectra of 2-(4-(imidazolidin-2-
yDphenyl)malononitrile (a).

Infrared spectrometry was measured using powder samples with the attenuated reflection
method (Figure 3). For compound a we can observed a signal at 3178.23 cm
corresponding to the secondary amines N-H stretching (blue) in the molecule, the two
signals at 2183 and 2144 cm™ are the expected peaks for asymmetric and symmetric
stretching in cyano groups (red). Additionally, there are three other peaks at 1578.25 cm’
! (orange), 1503.04 cm™ (green) and 1325.32 cm™ (yellow), which correspond to
symmetric stretching between the C=C groups in the Quinone that oscillates between

double a single bonds in the molecule®® (Figure 3).
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Figure 3. FT-IR absorption spectra of 2-(4-(imidazolidin-2-
yh)phenyl)malononitrile (a).

ESI-MS analysis was performed with positive mode and two major peaks were obtained.
Firstly, a peak with a m/z of 210.1280 corresponding to the molecular ion, and the second
one with mass of 211.1280 corresponding to the protonated ion. The theoretical mass

calculated for (a) is 210.2332 (Figure 4).

10ug/ml en ACN
Rafa001_core_Pos_22012020 104 (2.032) 1: TOF MS ES+
210.1280 7.06e6

TM: 210.1280

1739080 257.0005

180 1B 190 185 200 206 210 216 220 225 230 235 240 246 250 255 260 265 20 275 280 285 290 285 300 305 310

Figure 4. Mass spectrometry of 2-(4-(imidazolidin-2-
yl)phenyl)malononitrile (a).
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3.1.2. Synthesis of 2-(4-(1-(4-nitrophenyl)imidazolidin-2-
yl)phenyl)malononitrile (b).
2-(4-(1-(4-nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b) was synthesized by a
convergent reaction, as shown in Scheme 2. Firstly, it was necessary to obtain 1 by the
nitration of chlorobenzene through an Aromatic Electrophilic Substitution reaction. This
reaction was carried out following a reported procedure.®* In general, a nitric/sulfuric acid
mixture (1.4:1) was prepared and used as nitration agent. The sulfuric acid acts as a
catalyzer for this reaction, because of its nature as a stronger acid than nitric acid, this
allows the H2SO4 to act as a Bronsted-Lowry acid allowing it to donate a proton to the
nitric acid, which acts as a base. Because of this the equilibrium of reaction will be shifted
to the formation of nitronium ion species, which are capable to act as an electrophile that
will be attacked by a free pair of electrons from the chlorobenzene. In these regards, it is
possible that the nucleophilic attack occurs from a para or an ortho position leading to the
formation of two isomers as our main products, para-chloronitrobenzene and ortho-
chloronitrobenzene. However, it has been reported that the ratio of formation of these two
isomers goes in the values of 2/3 for the para specie and 1/3 for the ortho specie.®* Also,
it is necessary to add very slowly the acid mixture to the chlorobenzene, set a strong
stirring and keep the temperature of reaction under 50°C to avoid the formation of poly-
nitrated species. Finally, to obtain pure para-chloronitrobenzene it is necessary to slowly
reduce the temperature of the eutectic mixture until it reaches 0°C and filter off the
precipitate. This precipitate is washed with cool water to finally obtain pure p-

nitrochlorobenzene (1).

NH,
o cl N

NO, NO,

1 3 N N
e fed I NO:
2

0.9eq

1eq
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Scheme 2. General approach for the synthesis of 2-(4-(1-(4-
nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b).

Then, it is necessary to perform an aromatic nucleophilic substitution reaction of p-
nitrochlorobenzene (1, 1 eq) with ethylenediamine (5 eq) (Scheme 2). Such excess of
ethylenediamine is used to avoid the formation of the N,N-disubstituted product. It is also
necessary to keep the reaction temperature under 120°C, because temperatures above this
value will produce the formation of an untreatable material that is insoluble in many of
tested solvents. After 6 hours of reaction it was necessary to evaporate the solution to
dryness under reduced pressure to eliminate the ethylenediamine excess. TLC analysis of
final product showed two spots with very different Rf values, and it was necessary to use
a chromatographic column using methanol as mobile phase in order to purify 3. It is
important to highlight that there is few information about reactions to obtain 3, and some
of papers that report this reaction claim to use carbonate salts in the reaction, like sodium
carbonate or potassium carbonate. After performing our experiments, we can conclude
that there is not a reason to use these salts; in fact, the addition of mentioned salts only
made more difficult the procedure, because once the reaction is done there is no possible
way to separate the product from the carbonate salt in an effective way, due to the high
solubility of our product 3 in water.

In parallel, the reaction of TCNQ with pyrrolidine was carried out using the same
procedure previously described to (a) to yield PTCNQ (2) as fine purple needle shaped
crystals (Scheme 2).

With 2 and 3 in hand, we carried out the final step of this synthesis (Scheme 2). The
compound 3 reacts with PTCNQ to give 2-(4-(1-(4-nitrophenyl)imidazolidin-2-
yl)phenyl)malononitrile (b). The presence of pyrrolidine in the TCNQ make highly
unlikely an intermolecular reaction, avoiding the formation of polymeric species and
helping to the intermolecular cycle formation. Thus, equimolecular amounts of 2 and 3
react under reflux using acetonitrile as solvent during seven hours. Five minutes after the
addition of 3, the solution started to change from purple color to brown-greenish color,
and finally after 30 minutes the mixture became completely yellow. The mixture was
stored in fridge for one day, to latter be filtered and washed with cool acetonitrile to
obtaining the crude b, which was recrystallized in acetonitrile to finally obtain fine yellow

needles of 2-(4-(1-(4-nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b).
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3.1.2.1. Characterization of 2-(4-(1-(4-nitrophenyl)imidazolidin-2-
yl)phenyl)malononitrile (b).
The compound b was characterized using UV-Vis, FT-IR and ESI-MS spectrometry, and
the results confirmed the structure.

UV-Vis spectra was measured in HPLC grade acetonitrile in a range between 200-800
nm. The absorption spectra show a single peak at 371 nm which could be the result of
aromatic n-* electronic transition but it may also be due to intramolecular charge transfer
that could be produced by the presence of the nitro group or by the intrinsic zwitterionic
chacarteristics of the DADQ’s.*® (Figure 5)
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Figure 5. UV-Vis spectra of 2-(4-(1-(4-nitrophenyl)imidazolidin-2-
yDphenyl)malononitrile (b).

Infrared spectrometry was measured using powder samples with the attenuated reflection
method. For b we can observed the expected signal at 3282.74 cm™ with a medium
intensity, corresponding to the secondary amine N-H stretching (blue). Also, the two
signals at 2175.03 and 2124.65 cm™ which correspond to symmetric and asymmetric C=N
stretching of the cyano groups (red). Additionally, one strong peak is present at 1593.89
cm* which by a theoretical calculation approach seems to correspond to a C-N stretching
which is behaving partially as a single and a double bond (sky blue). In the same way,
another peak with a medium intensity at 1448.98 cm™ corresponding to a C-N stretching
seems to present a single and double bond character (purple). Also, the peak at 1547.23
cm ™ matches with the expected values for the asymmetric stretching in nitro compounds

(green). Unfortunately, the symmetric stretching seems to be hidden due to the other
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stronger signals. Finally, a very strong peak appears at 1305.40 cm™ which correspond to
both the C=C and N-C stretching (yellow) (Figure 6). All detected signals are present
in the expected ranges.®®
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Figure 6. FT-IR absorption spectra of 2-(4-(1-(4-
nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b)

ESI-MS was performed with a positive mode and two major peaks were obtained. Firstly,
a peak with a m/z of 330.1735 corresponding to the molecular ion, and the second one
with mass of 331.1743 corresponding to the protonated ion. The theoretical mass
calculated for (b) is 331.3255 (Figure 7).
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Figure 7. Mass spectrometry of 2-(4-(1-(4-nitrophenyl)imidazolidin-
2-yl)phenyl)malononitrile (b)

3.1.3. Synthesis of 2-(4-(1-(2-nitrophenyl)imidazolidin-2-
yl)phenyl)malononitrile (c)
The synthesis of 2-(4-(1-(2-nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (c)
was carried out using the similar procedure to previously use to b through a
convergent synthesis (Scheme 3), but using commercial ortho-chloronitrobenzene as

starting reagent in place of previously synthesized para-chloronitrobenzene.
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Scheme3. General approach for the synthesis of 2-(4-(1-(2-
nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (c)

The aromatic nucleophilic substitution reaction of o-chloronitrobenzene and
ethylenediamine allowed to obtain 4 as orange crystals. Column chromatography using
methanol as solvent was carried out in order to obtain pure 4 (Scheme 3).

With 2 and 4 in hand, we performed the similar reaction to obtain b. However, not color
changes were observed, and TLC showed that initial reagents were present without any
formation of other products. Because of this, the reaction was repeated under reflux
conditions, and for a longer period (one day). Unfortunately, no positive results were
obtained. In order to increase the mobility of the molecules, and with the hope to shift the
reaction equilibrium to the product formation, the reaction was also repeated under reflux
condition for seven hours, but using an ultrasonic bath as energy source. Unluckily, the

TLC test still showed no product formation (Scheme 3).

These results could be explained by two hypotheses. Firstly, it is possible for 4 to form
an intramolecular hydrogen bond between the oxygen of the nitro group and one of the
hydrogens located in any of the amines. This provides 4 a very stable six-member ring
that reduces its nucleophilic power, directly influencing the reactivity of N-(2-
nitrophenyl)ethylenediamine (4) and the equilibrium of reaction. Nevertheless, it is still
possible to argue that some product should form if enough mobility (energy) is provided
to the system, but experimentally it does not happen therefore, there must be another

reason contribution to the no formation of c. It could be due to the instability of the
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product due to the high steric hindrance produced by the presence of the nitro group in
the orto-position. This steric hindrance could induce the loss of planarity in the molecule,
which generally indicates the loss of electronic conjugation and by consequence the
reduction of stability. This point will be further discussed in the “theoretical studies” with
the use of different computational tools to obtain additional information about this
problem. In spite of this further research need to be perform to fully understand the

reasons that explain the no formation of c.

4.1.1.1. Theoretical approach for the synthesis of 2-(4-(1-(2-
nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (c).
In regards to the synthesis of c there could be several reasons for the no reaction of N-(2-
nitrophenyl)ethylenediamine (4) with 7-pirrolidino-7,8,8-tricyanoquinodimethane (2).
One of the hypothesis refers to the possible formation of an intramolecular six-member
ring stabilized by a hydrogen bond of the type (N-H---O) between an oxygen (O) in the

nitro group and the hydrogen (H) of the secondary amine present in the molecule.

A hydrogen bond distance and energy is quite variable in dependence with the chemical
environment of the atoms conforming the bond, in general a hydrogen bond distance goes
between 1.6 to 2.3 A.%6 While the energy associated with these interaction could vary
from a weak (1-2 kJ mol™) to strong (161.5 kJ mol* in the ion HF).*"® Additionally,
it is expected to obtain for a six-member ring an angle around 120°. In section 1) of
(Figure 7) it is possible to form a hydrogen bond that accomplishes the previous
mentioned characteristics. The possible hydrogen bond is marked in yellow, it has a
distances of 1,82A and forms an angle of 110°. Additionally, in the side view of the
molecule it is possible to see that the molecules remain mainly planar showing that no
electronic delocalization is produced stabilizing this configuration over the configuration
2) in Figure 7.

Finally, in Table 1 are shown the two energies associated with each configuration and
the difference in energy between the two. As expected configuration 1) is more stable
than 2) by 37,56 KJ/mol which is an important energetic difference for two
conformations. This benefits the first conformation over the second one, increasing its

stability and reducing the reactive capacity of the molecule.
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1)

Figure 7. Perspectives from the front and side of the geometrical
optimization in two possible configurations for N-(2-
nitrophenyl)ethylenediamine (4). 1) allows the formation of a six-
member ring with a hydrogen bond, marked with a yellow dotted line.
2) Implies a 180° rotation of the “ethylenediamine” moiety, NO
possible stabilization by hydrogen bond formation in this
configuration.

Energy change
Energy (hartree) (KJ/mol)
1 2 AE
-626,052190489569 -626,037897376696 37,56

Table 1. Energetic differences between configuration 1) and 2).

4.2. AIE studies

4.2.1. Quantum yield (QY) measurement

The fluorescence spectra of organic dyes are commonly broad and asymmetric. The
source of asymmetry is the participation of electronic and vibrational transitions.’
Fluorescence spectra are usually specular images of the absorption spectra, with acute
blue and slow red slopes. Additionally, they can be distorted by relaxation processes in

the excited state resulting in Stokes shifts and further spectral broadening.3®

For a careful description of a complex fluorescence spectrum, it must be deconvolute into

individual components. Of key importance for a right deconvolution is the selection of
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the mathematical function that adequately describe the profile(s) of individual bands. Due
to the considerable asymmetry exhibited by Fluorescence spectra, Log-Normal profiles
are most often used, as mentioned in the methodology section.?®

Thus, Fityk*® was used for the non-linear fitting of the emission spectra data and to
calculate the peak areas associated with the identified peaks. A complex model was

created as a sum, F = Y; f;, of Log-normal functions. (equation 2)

1 1 (Inx — u)z
00 = § i oo (-5 | @
where p and o are, the expected value (or mean) and standard deviation of the variable's

natural logarithm, (not the expectation and standard deviation of x itself).

The Levenberg-Marquardt method was chosen as the nonlinear least-squares routine.
This algorithm involves computing the first derivatives of functions, and is robust and
efficient with strong convergence properties. The function of merit used was the weighted

sum of squared residuals, WSSR, (y-square).

The emission spectra of reference and sample were recorded in all visible range, and
corrected for the blank (solvent) to perform proper emission intensity integration. The

emission spectra and their deconvolution at 405 nm excitation are given in Figure 8.
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Figure 8. Emission spectra of: 1) 2-(4-(imidazolidin-2-
yDphenyl)malononitrile (a) and 2) 2-(4-(1-(4-
nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b)

Additionally, the relative quantum yield (QY) of b with DMSO as the solvent system was
calculated according to equation (1), previously mentioned in methodology section.
Additionally, the QY of a in DMSO is 10.1% *® and the refractive index will cancel

between each other because the same solvent system was used for both compounds

measurements.
Absorbance | Area under the curve | R-squared
at 405 nm
Reference sample: | 0,6958 91200.1 + 182323 = | 0.998345
Compound (a) 2735231
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Test Sample: | 0,5428 83691.1 + 182323 = 0.993176
Compound (b) 266014.1

Table 2. Areas under the curve and coefficient of determinations for
the emission spectrum of 2-(4-(imidazolidin-2-yl)phenyl)malononitrile
(a) and 2-(4-(1-(4-nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile

(b).

Where, ® refers to the quantum yield, Int is the area under the emission peak, A states
for the absorbance at the excitation wavelength and n is the refractive index of the used
solvent. The subscripts st and x denotes the values of the standard and test samples,
respectively. Replacing the values shown in Table 2 into equation (1) we can obtain a
QY value of 15.64%, which is slightly higher than the reference sample. This calculation

was performed as follow:

o Int, (1 - 10Ast) n2
= t —
x S Intg \ 1 —104x [ n?,
o =101 266014.1 /1 — 1096985
X 77T 273523.1\ 1 — 1005428

®, = 15.64%
Relative quantum yield measurements show that N-substitutions could exert important
changes in the quantum yield values of DADQ’s systems without significantly
modifying the positions of the emission and absorption peaks.

4.2.2. Theoretical Research

Computational calculations have been conducted to study the cause of fluorescence
enhancement in DADQ derivatives. For this purpose, ground state geometry
optimizations were carried out at the CAM-B3LYP/def2-TZVP level of density
functional theory (DFT).** Additionally, calculations with the implicit solvent model
(SCRF) were incorporated with acetonitrile as the solvent. This was because acetonitrile
is not a protic solvent that could induce fluorescence quenching by hydrogen bonding or

a too viscous solvent which enhances the fluorescence due to its viscosity.*?

CAM-B3LYP was used for this type of calculations because it has shown a very accurate
perform for excited states and species displaying a strong charge-transfer character.*® In

all cases as specified in the methodology section the genuine minima of each structure
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were proved by showing no negative (imaginary) frequencies in the frequency

calculations.

4.2.2.1. Geometry in Ground & Excited states

All DADQ’s are molecules which maintain an equilibrium between a benzenoid form and
a quinonoid zwitterion (Figure 9), this allows this molecules to present different
behaviors thn a normal double bonded molecule. Therefore, all geometry calculations will

be performed taking in account the quinonoid form of the DADQ’s.

R1 Rz r1 v t‘)-l; +R2

NC CN NC? § “CN

Figure 9. Benzenoid and quinonoid resonance forms for any DADQ
derivative.
For a molecule to have high quantum yields (QY), firstly; it is necessary that the molecule
presents a very similar geometry between the excited and the ground state when they are
optimized (at their minimum of energy). Differences between excited state and ground

state geometries of all the studied compounds are shown in Figure 10.

In the case of a most of the geometry changes are negligible, leaving the excited and
ground states of a, with just a little twist produced in the “imidazolidine” like moiety and
at the benzene part of the molecule. For b we can see that the “malonitrile” moiety of the
molecule presents barely any difference between the excited and the ground state. The
major differences produced for this molecules occurs at the nitrobenzene moiety, here we
can immediately recognize that there is a difference between the excited and the ground
states. While, in the ground state the nitrobenzene part of the molecule is much more
perpendicular in respect to the rest of the molecule; the excited state rotates a little trying
to get a more planar configuration. Despite this, the molecule still is not planar avoiding
the possible loss of the AIE behavior by n-n stacking interactions. Finally, the geometric

variations between states for ¢ are much more important. It is noticeable the great
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differences at the imidazolidine and nitrobenzene parts of the molecule, the nitrobenzene
moiety differs a lot from the excited to the ground state. Additionally, the imidazolidine
moiety gets highly twisted in the excited state due to the steric hindrance that produce the
presence of the nitro group at the orto-position of the benzene. Furthermore, this
important steric hindrance induces in the excited state a noticeable bend in the core of the

molecule, this indicates a possible loss of aromaticity in the molecule.

1) 2) 3)

6)

Figure 10. Comparison between the ground state (blue) and excited

state (red) structures calculated at the CAM-B3LYP/def2-TZVP level

of DFT and TD-DFT, respectively. Where 1), 2) and 3) illustrates a

front perspective of molecules a, b, and c. while 4), 5) and 6) show a
lateral view of the same respective molecules.

Each of these geometry changes were checked by measuring the most important dihedral
angles of each specie. The possible torsions at each dihedral angles are represented in
Figure 11 by arrows. It is important to remark that either the quenching or enhancement
of the DADQs fluorescence is directly related and mainly controlled by the photoinduced
intramolecular torsions produced at each of the dihedral angles D,, Ds for a and D, Dg,
D,, Ds for b and c.
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a)

Dy
D«

Ds Ds

Figure 11. Kinds of intramolecular torsion angles that affect the
fluorescence deactivation mechanism in DADQs: a) 2-(4-
(imidazolidin-2-yl)phenyl)malononitrile (a) with the two types of
dihedral angles D,, Ds. b) 2-(4-(1-(4-nitrophenyl)imidazolidin-2-
yh)phenyl)malononitrile (b) with the four types of dihedral angles D,
Dg, D,, Ds. ¢) 2-(4-(1-(2-nitrophenyl)imidazolidin-2-
yhphenyl)malononitrile (c) with the four types of dihedral angles D,
Dg, D,, Ds

A further insight into these geometrical changes is required. Thus, it is necessary to
measure the dihedral angles at each of the possible torsion sites indicated in Figure 11.
The measurements on each of the molecules are shown in Table 3, as we can see these
values are quite variable in some cases and remain mostly the same in other cases. The
Ds dihedral angle remains mostly unchanged not only between excited and ground states
but also between all 3 compounds, this tells that the bottom section of the molecule
remains mainly unaltered by conformational or configurational changes produced in the

upper section of the molecule.

In the case of D, a complete different behavior is observed (Table 3), there is a variation
of around 10° between the excited and the ground state in all three compounds.
Additionally, it is a great variation between a and b and c derivatives, this shows that

substitutions in the imidazolidine like moiety induces a change in this dihedral angles.

For Dgthere are important rotations produced either by the different substitutions in each
compound and by the change of the electron disposition in the S; and So states.
Furthermore, it seems to produce a loss in electrons delocalization around the Quinone

section of ¢ due to a loss of planarity in the molecules excited state.

Finally, as we can see in Table 3 for D, the rotation is mainly negligible for b, which
changes only 0,4° between the excited and the ground states, showing that the electrons

remain mostly delocalized between the aromatic ring and the nitro group. On the other
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hand, in c there is a complete different story. The nitro group is strongly deviated from
the aromatic ring either in the ground state and excited state, this may be due to the strong
steric hindrance produced by the presence of the nitro group in the orto-position. Because

of this, the electronic conjugation between the benzene ring and the nitro group gets

highly reduced.
Dihedral angles a (So) a (S1) b (So) b (S1) c(So) c(S1)
Da = - 1,5° 1,9° 34,4° 22,9°
Dp - - -40,4° -20,7° 53,3° 43,3°
Dy 16° 5,8° -33,7° -20,5° 31,4° 38,5°
Ds -0,3° 0,4° 0,2° 0,3° -0,4° 0,4°

Table 3. Dihedral angles of compounds (a), (b) and (c) at the ground
(So) and excited (S1) states.

4.2.2.2.  Oscillator strength and dipole moments

In regards to the oscillator strength, when molecules capable of absorption and emission
of photons are studied, it is necessary to take into account the oscillator strength of such
molecules. The oscillator strength is a dimensionless value that expresses the probability
of absorption or emission of electromagnetic radiation in transitions between energy
levels of an atom or a molecule.** For example, a transition that is quantum mechanically
fully allowed need to have an oscillator strength around 1.0.% In these regards, the
calculated oscillator strengths for each of the studied compounds would provide a good
idea on which of them will have good quantum yields and which do not. Thus, for a there
are oscillator strength values of 1.232 and 1.2889 for the ground and excited states
respectively, indicating that absorption and emission of photons are quantum
mechanically allowed. For b there are values of 0.785 and 1.0087 for the So and the Sz
states respectively, indicating in the same manner as a that the electronic transitions are
qguantum chemically allowed. Finally, for ¢ we have oscillator strength of less than 0.01
indicating that the transition in this compound are forbidden, therefore it should not be

expected to find any kind of fluorescence in c (Table 4).

For the dipole moment, the presence of a donor-acceptor system in our molecules will
produce an electron shift from the dicyanomethane to the amine groups upon
photoexcitation. This electronic transitions gives rise to a reduction of the dipole moment
in the excited state of around 2,5 D for a and b, while the dipole moment for ¢ increases
in 1.5 D (Table 4). When a fluorophore gets excited an electron is induced to move from

one orbital to another. If the initial and the final orbitals are separated in space, the
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electronic transition is accompanied by an instantaneous change in the dipole moment.*°
When this change produces an increase in the dipole moment the excited state (also
known as Frank-Condon state) (Figure 12) is not in equilibrium with the solvent
molecules in the solvation shell. Therefore, in this scenario it is expected to have a
positive solvatochromism (red-shift) in the fluorescence spectrum as the solvents polarity
gets increased. On the other hand, when the change produced by the electronic transitions
diminishes the dipole moment value; it is expected to observe an opposite behavior. In
our case the fluorescence spectrum will present a negative solvatochromism (blue-shift)

when the solvents polarity is increased.®

ry -
PN /7(6
\ L s
e L .
e G
o,
Nonradiative_ 1
decay
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g ‘ Ef”
Ll Py P
. 5
P e 4
3
\ /\A 1 SU
' Ev'=0
— >
Q4

Nuclear Coordinates

Figure 12. Energy diagram for Franck—Condon principle. Because
vibrational motions are comparably faster than nuclear motions, the
vibrational levels that requires a minimal change in the nuclear
coordinates are strongly favored. Thus v'=0 to v""=2 is favored in
this example.

Thus, theoretically it is expected to see negative solvatochromism for a and b while for ¢

it would be expected to see a positive solvatochromism.
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a b C
Oscillator Strength So 1,2520 0,7850 0,0030
S: 1,2889 11,0087 0,0005
Dipole moment (Debye) So 29,3167 31,0528 30,5951
S1 27,1140 28,5555 31,0556

Table 4. Oscillator strength and dipole moments of compounds (a),
(b) and (c)in the ground and excited state.

4.2.2.3. Energies associated with the optimized geometries

With respect to the energies associated to the optimized ground and excited states, in
(Table 5) are specified the calculated energies for each of the compounds and the energy
variation between Sp and S; states. Additionally, in (Table 6) are presented the energies
associated with compounds b and ¢ and the difference in energy between those two
compounds. The calculated energies show that compounds a and b slightly change from
the ground to the excited state, whereas for c the change of energy between the two states
is 4 and 3 times larger than compounds a and b, respectively. This high differences in
energy between the states So and S1 in compound ¢ shows a very different excited state

that may cause a lack of fluorescence in this molecule.

a b c
Energy (hartree) So -682,215573965 -1117,75295526 -1117,74682374
S; -682,210919905 -1117,74558489  -1117,72531889
Energy change  ,p 155169075 1934722125 56,45023125

(KJ/mol)

Table 5. Energies and their variation in the optimized geometries of
2-(4-(imidazolidin-2-yl)phenyl)malononitrile (a), 2-(4-(1-(4-
nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b) and 2-(4-(1-
(2-nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (c) in their
ground (So) and excited state (S1).

In addition, the difference between the energies of b and ¢ indicates that b is more stable
than c in ground state, but this stability is much more noticeable between the excited states
of both compounds. (Table 6)
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Energy (hartree) Energy change
(KJ/mol)
b c AE
So -1117,75295526  -1117,74682374 16,15962096
Si1 -1117,74558489  -1117,72531889 53,411043

Table 6. diference of energies between the ground and excited states
of 2-(4-(1-(4-nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b)
and 2-(4-(1-(2-nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile
().

4.2.2.4.  Mulliken Charges

About the distribution of charges in a, b and ¢ we can see that the conformation and the
configuration of the molecules does not affect the bottom part of the molecule
(dicyanomethane and quinone moieties). However, in nitrogen atom N4 shown in Figure
13, the charge strongly decreases from a in comparison with b and ¢ (Annex 1). The
increase of negative charge value in a is due to the absences of nitrobenzene moiety,
present as N-substituent for b and c derivatives. The nitrobenzene scaffold promotes the

mentioned behavior due to the electron withdrawing effect of nitro group.

Regarding b and c derivatives, it is noticeable that the carbon atom directly bonded to the
nitro group will be strongly affected by its presence. In the case of b, C18 showed a
positive charge of +0,11 while for ¢ the charge in C18 was the opposite -0,11. The same
behavior is expected for C14, which for b showed a charge of -0,14, while for c it has a
+0,08 charge (Annex 1).

Additionally, the same calculations were performed for p-nitrotoluene and o-nitrotoluene
to compare the effect of the different nitro substitutions in the aromatic ring. Whereas,
we can observe that the orto-substitution has a slightly higher negative charge located
into the oxygens of the nitro group than the one’s in para-substitution. In b and ¢ there is
an opposite behavior, showing that para-substitution has a higher negative charge at the
oxygens of the nitro group than the orto-substitution. This results could be explained by
the loss of planarity between the nitro group and the aromatic ring in c. This loss of
planarity reduces the inductive capacity of the nitro group, preventing the adequate

attraction of the electronic density from the aromatic ring to the nitro group.
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Figure 13. Labeled atoms on 2-(4-(imidazolidin-2-
yh)phenyl)malononitrile (a), 2-(4-(1-(4-nitrophenyl)imidazolidin-2-
yh)phenyl)malononitrile (b) and 2-(4-(1-(2-nitrophenyl)imidazolidin-
2-yl)phenyl)malononitrile (c).

4.3.Antibacterial Activity

Antibacterial activity was tested for compounds (a, b, 2 and 3). For this sake two
techniques were used, the agar diffusion technique and the optical density (OD)

measurements to study of antibiotic efficacy of the synthesized molecules.

4.3.1. Agar diffusion method

The results obtained for the agar diffusion technique, exhibited inhibition zones for all
the tested molecules. Also, it is important to remark that the solvent system by itself shows
some sort of antibacterial activity but it is not as important as the ones observed for the
studied compounds. For this test the labels R11, R12, R13 corresponds to dilutions of 2
(1000 pg/ml; 100 pg/ml and 10 pg/ml), respectively. In the same way the labels R21,
R22, R23 correspond to the same dilutions of 3, R31, R32, R33 correspond to the
respective dilutions of a and R41, R42, R43 correspond to the respective dilutions of b.
Also, the letters K, S and A states for kanamycin, the solvent system and ampicillin,
respectively (Figure 14).
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Figure 14. Chemical structure of the four studied molecules.

We can see that the antibacterial activity is appreciable for the 1000 pg/ml and the 100
pg/ml dilutions in all samples, while for the 10 pg/ml dilution the inhibition zones a barely
perceptible and could be mostly because of the solvent system rather than the compound
itself (Figure 15). Additionally, the antibacterial activity is considerably more significant
for 2 and 3 than for a and b. Also, the obtained results indicate that all the tested
compounds exhibited a weaker antimicrobial activity on the E. coli strains than the control
antibiotics. Finally, it is important to remark that this technique is mostly used as a
qualitative test; besides, the hydrophobicity of the compounds will interfere with the
diffusion of the component to the culture medium. Due to the above, although the
determination of the antibacterial activity can be obtained by this technique, other

methods would give better results."48

Labels Blue Light White Light
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Figure 15. Antibacterial activity test performed in E. coli strains for
compounds (a, b, 2 and 3). Revealed under blue light and white light.

4.3.2. Optical density measurements (ODeoo)

The results for the ODeoo Studies showed that all the compound presents some sort of
antibacterial activity. Initially, the ODesoo measurements were performed just with test
tubes 1 and 6 (Table 7) for a period of 10 hours and a half, until the steady-state in the
growth curve was reached (Figure 16). For Test tube 6 it is appreciable that it presents
an antibacterial activity if it is compared with the strains that grew in normal conditions
(T. tubel). After that, the other test tubes were measured in the same manner. Thus, as
expected T. tube 2 showed that the solvent by itself presented some sort of antibacterial
activity; but, over that T. tubes 3, 4 and 5 exhibited a much important activity against the

E. coli strains (Figure 17).

T. tube 1 2 3 4 5 6
LB Broth 2,5ml 2,5ml 2,5ml 2,5ml 2,5ml 2,5ml
E. coli strain 135 ul 135 ul 135 ul 135 ul 135 ul 135 ul
Water - 50 ul 50 ul 50 ul 50 ul 100 ul
DMSO - 50 ul 50 ul 50 ul 50 ul -
Compound 2 - - 100 ug - - -
Compound a - - - 100 ug - -
Compound b - - - - 100 ug -
Compound 3 100 ug

Table 7. Content of each test tube for the ODggo measurements.
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Figure 16. Growth curve for test tube 1 and 6 with the log phase, the
exponential phase and the beginning of the steady-state phase.
Detailed data provided in Annex 2.
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Figure 17. Growth curve for test tube 1 to 5 with the log phase, the
exponential phase and the beginning of the steady-state phase.
Detailed data provided in Annex 2.

62



S

ESCUELA DE

CIENCIAS QUIMICAS

E INGENIERIA

Additionally, it has been demonstrated that E. coli cultures with an ODego of 0,1 and
incubated in a LB Broth present a concentration around 8 x 108 cells/ml1.#%° With this
value it is possible to estimate the amount of cell per ml that correspond to the different
obtained ODeoo values as shown in Table 8. In these regards, it is possible to have some
quantitative approximations about the efficiency of each compound antibacterial activity.
Therefore, the solvent system by itself (T. Tube2) is capable to inhibit the E. coli growth
around 8,5% in comparison with the normal conditions of growth (T. Tubel); henceforth,
the other test tubes must take in account the solvent’s activity and will be directly
compared with the inhibition capacity of the latter one, with the exception of T. Tube 6.
Thus, 2 (T. Tube 3) showed the major inhibition capacity, reducing the bacteria growth
by a 14,3%; while, a and b showed a reduction of 4,7 and 4,4 %, respectively. For 3 (T.
Tube 6) the inhibition will be compared directly with the values obtained for normal

growth conditions (T. tube 1) and reaches a value of 8,7% of inhibition.

% of A % of
ODeo cellsiml 4 ibition inhit/)oition

Standard 0,1 8 x 108 - -

T.Tubel 0365  2,92x10° 100 0

T.Tube2 0334  2672x10° 9150684932 85
T.Tube3 0282  2256x10° 77.26027397 143
T.Tube4 0317  2536x10° 86,84931507 47
T.Tube5 0318  2544x10° 87,12328767 4.4
T.Tube6 0333  2.664x10° 0123287671 8,77

Table 8. Final ODgoo values and the estimated number of cells per ml
for each growth curve performed.

Finally, taking into account the chemical structures for each of the studied compounds
and their respect inhibition capacity it is possible that the cyano the primary and
secondary amine groups played an important role for the antibacterial capacity in each of
the molecules. This is because the inhibition activity reduces with the number of cyano
groups present in each of the molecules, like 3 that has the most important inhibition
activity of all the compounds but it strongly reduces for a and b. Also, the primary and
secondary amines seem to play an important role because as the primary or secondary
amines get oxidized to secondary or tertiary amines respectively the antibacterial activity
also reduces, like in the case of 3, a and b. Finally, comparing the antibacterial activities
of a and b it seems that the presence of the nitro-benzene moiety does not contribute to

biological activity. However, it is necessary to perform more investigations to obtain a
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further insight into the possible conformational changes that could affect the antibacterial
activity of the DADQs derivative.

Conclusions

Two potential aggregation-induced emission diaminodicyanoquinodimethanes (DADQs)
systems (a and b) were designed and synthesized using 7-pyrrolidino-7,8,8-
tricyanoquinodimethan (PTCNQ) as precursor. These compounds were characterized
with UV-Vis, FTIR, and ESI-MS spectroscopy. Additionally, the fluorescence quantum
yield of b was obtained using a comparative method with a as the reference sample,
giving an approximate quantum yield of 15.63%, which is mainly attributed to restricted
internal rotations and non-planar configurations present in the molecule. These behaviors
avoid the non-radiative decays and n-x stacking interactions that a common chromophore
may present. However, other effects, such as molecular aggregation, may contribute as
well with this phenomenon. Additionally, computational calculations provide dipole
moments and oscillator strengths values that support the found quantum yields and
propose a negative solvatochromic effect in both molecules. The biological activity test
of these molecules reveals an inhibition capacity to E. coli strains, which could be directly
related to the presence of cyano groups present in the molecular structure of the studied
molecules. In summary, synthesized diaminodicyanoquinones (DADQ’s) are valuable
customizable fluorescent systems with potential photophysical and bio-luminescent
applications.

Recommendations

e For the synthesis of c it would be necessary to try other approaches for the
reaction. For instance, using different solvents to try to reach higher temperatures
or try the reaction on inert atmosphere to discard the possibility that moisture or
oxygen are the responsible for the no-reaction. Also, it would be a great idea to
try the same reaction conditions in a microwave reaction system to obtain a higher
molecular mobility and force the formation of c.

e Itis necessary to perform more research on the AIE characteristics of b. For this,
it will be necessary to record the quantum yields with different conditions like
changing the temperature, solvent’s viscosity or level of aggregation.

Additionally, it will be important to measure the quantum yield (QY) with
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different concentrations to further understand the mechanisms behind the AIE
characteristics of b.

For further insight into the relationship between the antimicrobial activity and the
molecular structure of each compound, it would be necessary to perform the same
proves with TCNQ and with 7,7-dipyrrolidino-8,8-tricyanoquinodimethane to

understand the role of cyano and pyrrolidine groups for the antimicrobial activity.
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Annexes

a b c
Cl -0,257120 C1 -0,257330 C1 -0,257592
C2 -0,257144 C2 -0,256311 C2 -0,256042
C3 -0,030085 C3 -0,030837 C3 -0,030362
C4 0,163865 C4 0,165590 C4 0,172198

Mulliken chargesSo C5 -0,277889 C5 -0,274670 C5 -0,276205

C6 -0,277888 C6 -0,247164 C6 -0,257993
Cr -0,156695 Cv -0,177319 C7 -0,166580
C8 -0,156692 C8 -0,157413 C8 -0,145802
C9 0072561 C9 -0,038441 C9 0,011632
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C10 0,315050 C10 0,328847 C10 0,250020
Cl11 -0,104363 Cl11 -0,074427 C1l -0,092019
C12 -0,104365 C12 -0,165474 C12 -0,126682
N1 -0,085514 N1 -0,084316 N1  -0,084446
N2 -0,085515 N2 -0,084114 N2  -0,084824
N3  -0,251769 N3  -0,243675 N3  -0,235722
N4  -0,251790 N4  -0,016930 N4  -0,028158
- - C13 0,084517 C13 -0,016391
- - Cl4 -0,144001 Cl4 0,081983
- - C15 -0,177967 C15 -0,155742
- - C16 -0,162385 C16 -0,145272
- - C17 -0,151828 C17 -0,093599
- - C18 0,112023 C18 -0,110852
- - N5 0431526 N5 0459160
- - Ol -0,331159 O1 -0,310155
- - 02 -0,332019 O2 -0,328836
Cl -0,253786 Cl -0,255387 Cl -0,271823
C2 0253784 C2 -0,253121 C2 -0,270732
C3 -0,008101 C3 0,001927 C3 -0,012610
C4 0168252 C4 0168825 C4  0,154072
C5 -0,270494 C5 -0,264203 C5 -0,271031
C6 -0,270499 C6 -0,242855 C6 -0,243517
C7 -0,139605 C7 -0,169386 C7 -0,139308
C8 -0,139608 C8 -0,150902 C8 -0,172797
C9 -0,018191 C9 -0,092319 C9 -0,050879
C10 0,37249%6 C10 0,392713 C10 0,249880
Cl1 -0,115644 C11 -0,093056 C11 -0,093354
Cl2 -0,115645 C12 -0,186209 C12 -0,124176
Mulliken charges S1 N1 -0,077932 N1  -0,068803 N1  -0,065991
N2 -0,077932 N2 -0,068996 N2 -0,066460
N3  -0,267869 N3 -0,283525 N3  -0,224826
N4  -0,267870 N4  -0,022575 N4  -0,019521
- - C13 0,134177 C13 0,114862
- - Cl4 -0,211818 Cl4 -0,020288
- - C15 -0,189405 C15 -0,172045
- - C16 -0,146036 C16 -0,111060
- . C17 -0,157772 C17 -0,074768
- - C18 0,088741 C18 -0,127476
- - N5 0430141 N5 0,486281
- - O1 -0,344815 O1 -0,334921
- - 02 -0,346138 02 -0,354944

Annex 1. Charges for each of the atoms in compounds (a), (b) and
(c), in their excited S1 and ground S states.
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OD600

Time T.Tubel T.Tube2 T.Tube3 T.Tubed4 T.Tube5 T.Tubeb

0
30
60
90

120
150
180
210
240
270
300
330
360
390
420
450
480
510
540
570
600
630

0,02
0,02
0,019
0,026
0,038
0,049
0,07
0,096
0,124
0,148
0,187
0,219
0,251
0,257
0,291
0,297
0,315
0,325
0,341
0,36
0,365
0,368

Annex 2. Detailed data of all the ODsoo values taken for each test

0,02
0,021
0,023
0,025

0,03
0,048
0,063
0,078
0,111
0,133
0,173
0,195
0,217
0,242
0,248
0,259
0,285
0,286
0,313
0,326
0,334
0,337

0,02
0,022
0,024
0,026

0,03

0,04
0,046
0,058
0,084
0,107
0,114
0,132
0,146
0,185

0,18
0,222
0,232
0,241

0,25
0,274
0,282
0,284

tube.

0,02
0,022
0,021
0,025
0,024
0,049
0,055
0,078
0,103
0,133
0,137
0,179
0,202
0,238
0,233
0,245
0,255
0,262
0,276
0,303
0,317

0,32

0,02
0,02
0,022
0,027
0,034
0,047
0,055
0,081
0,109
0,13
0,159
0,19
0,207
0,246
0,229
0,244
0,247
0,271
0,287
0,291
0,318
0,322

0,02
0,021
0,021
0,023
0,036
0,044
0,052
0,074
0,113
0,134
0,174
0,206
0,217
0,251
0,259
0,267
0,291
0,293
0,313
0,321
0,333
0,336
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