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Resumen 

La emisión inducida por agregación (AIE) es un proceso foto-físico y fotoquímico 

inicialmente descrito en 2001. Este fenómeno describe le incremento de la emisión de luz 

presentada en cierto luminóforos cuando se encuentran en estado de agregación. En este 

trabajo se revisarán los conceptos clave tras el efecto de AIE. También se revisarán los 

principales sistemas que presentan este fenómeno, enfocándonos principalmente en las 

moléculas que contienen grupos Ciano. Adicional a esto, se busca sintetizar sistemas sistemas 

capaces de presentar el fenómeno de AIE y estudiar sus actividades biológicas y luminiscentes 

a través de una aproximación experimental y teórica. Estos dos sistemas derivados de los 

diaminodicianoquinodimetanos (DADQs) serán sintetizados utilizando TCNQ como el 

principal reactivo de partida.  Para el cálculo del rendimiento cuántico 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 

cálculos de DFT para obtener mayor información acerca de las capacidades luminiscentes de 

las moléculas sintetizadas. Finalmente, la actividad biológica de los derivados de DADQs 

fueron estudiados por el método de difusión en agar y mediante medidas de densidad óptica 

OD600 usando Escherichia coli (DH5-alpha) como la cepa principal para este estudio.  

Palabras clave  

Agregación-inducida por emisión, AIEenos, Ciano, quinonas, DADQs, fluorescencia, 

luminiscencia, actividad antimicrobiana, rendimiento cuántico, teoría 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 yield 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, AIEgens, 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.1,2 For example, in optoelectronic applications as in 

electroluminescent devices like organic light-emitting diodes (OLEDs) and organic field-

effect transistors (OFETs)1,3 or as in sensing applications for ecosystem monitoring and 

biomedical research,4–6 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 π−π 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).7,8 

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,9–

11 being 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.8 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.12 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).13 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 (AIEgens), 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 quantum 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 

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

(AIE) characteristics and biological activities.  

Specific objectives   

• To synthesize two different AIEgens, using as starting material the 7-pyrrolidino-

7,8,8-tricyanoquinodimethan. 

• To characterize the synthesized AIEgens using UV spectroscopy, mass 

spectroscopy and FTIR.  

• To calculate the quantum yield of the synthesized AIEgen systems 

• To perform computational studies in the different systems to compare these 

approaches with the experimental data.  

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

Aggregation-induced emission: a review of promising 

cyano-functionalized AIEgens 

Jimenez, E.R. & Rodríguez, H. J Mater Sci (2020) 55: 1366. https://doi.org/10.1007/s10853-019-04157-5 
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Chapter 2. 
2. Methodology 
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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 μm (2.1×100 mm) and an automatic injector and Waters® SYNAPT® G2-S/Si 

as mass spectrometer. Linear gradients of MeCN (0.01% formic acid) into H2O (0.01% 

formic acid) were run at flow rate of 0.3 mL/min. The solvents for UPLC were H2O (Type 

I), and MeCN (HPLC quality) with a gradient 5 to 95% MeCN to H2O. 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-1. 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, (PerkinElmer 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 

LDM405). 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.14 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 

eq) is added dropwise to the chlorobenzene. Addition of the acid requires 

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.15 80-83 °C)  

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

Procedure reported in ref.16 was followed with minor modifications. 

Pyrrolidine (69.7 mg, 81μl, 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 

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) ṽ (cm-1): 2192.44(w), 2163.23(w) 

UV/Vis (ACN) λmax (nm): 559 

ESI-MS (m/z): calculated for C15N4H12 = 248.3255, found: 249.0986 corresponding to 

[M-H]- 
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2.2.3. Synthesis of N-(4-nitrophenyl)ethylenediamine (3) 

Procedure reported in Ref 17 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 

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.18 148-150 °C)  

UV/Vis (ACN) λmax (nm): 382 

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

Procedure reported in Ref 19 was followed with some 

modifications. Comercial 1-chloro-2-nitrobenzene (1.58g, 

10mmol, 1eq) was dissolved in a round bottom flask with 

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 Na2SO4. 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.19 260-261 °C)  
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2.2.5. Synthesis of 2-(4-(imidazolidin-2-yl)phenyl)malononitrile (a) 

Procedure reported in Ref 16 was followed with minor modifications. 

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 

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.20 Irreversibly decompose at 280 °C) 

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

1325.32(vs)  

UV/Vis (ACN) λmax 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 16 was employed as an analogous 

method for the synthesis of 2-(4-(1-(4-

nitrophenyl)imidazolidin-2-yl)phenyl)malononitrile (b). 

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 

PTCNQ (2) (0.411 g, 1.66 mmol, 1 eq) in 10 ml of acetonitrile. 

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

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) ṽ (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) λmax (nm): 371 

ESI-MS (m/z): calculated for C18O2N5H12 = 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) 

Procedure reported in Ref 16 was employed as an analogous method for 

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 

heated at 60 °C and let it stir over four days. The reaction was followed 

by thin layer chromatography, which showed that after four days the reaction does not go 

further.   

2.3.  AIE studies 

2.3.1. Quantum yield (QY) measurements  

Quantum yield measurements (QY) were performed using the comparative method of 

Williams et al,21 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.22    

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 μg/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.23 

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) 

Φ𝑥 = Φ𝑠𝑡
𝐼𝑛𝑡𝑥

𝐼𝑛𝑡𝑠𝑡
(

1−10𝐴𝑠𝑡

1−10𝐴𝑥
)

𝑛𝑥
2

𝑛𝑠𝑡
2                                             (1) 

Where, Φ 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.20 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 (1mg/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 μl 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 μg/ml), 

Kanamycin sulfate (100 μg/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 μL of E. coli (DH5-alpha) strains to obtain an 

initial OD600 of 0,02. For tube 1 nothing else was added, while for tube 2 it was 

additionally added 100 μL of the solvent system (5:5; water/DMSO). For tubes 3, 4, and 

5 it was added 100 μL 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 
3. Results and Discussion 
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Diaminodicyanoquinodimethanes derivatives (DADQs) have proven over the years 

strong emission enhancement as crystals,24,25 colloids,4 thin layer films or even in viscous 

matrices.26 Furthermore, since 1962 a prototype molecule having an imidazolidine group 

named 2-(4-(imidazolidin-2-yl)phenyl)malonitrile (Figure 1, Structure a),27 has been used 

for different studies on linear optics28–30 and solar cell application.31,32 Despite of this, 2-

(4-(imidazolidin-2-yl)phenyl)malonitrile (a) had never been isolated or characterized 

structurally until 2016, when Srujana20 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. 

 

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.16 

(Scheme 1)  

 

Scheme1. 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.16 Also, the use of 

a pyrrolidine avoids the formation of possible oligomeric or polymeric species once the 

corresponding diamine gets added to the TCNQ.20 After that, 1 eq of 7-pyrrolidino-7,8,8-

tricyanoquinodimethane (PTCNQ) (2) reacts with 1 eq of ethylenediamine, as shown in 

Scheme1, 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.16 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 π-π* 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.35 

(Figure 2)   

 

 

Figure 2. UV-Vis absorption spectra of 2-(4-(imidazolidin-2-

yl)phenyl)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-1 

corresponding to the secondary amines N-H stretching (blue) in the molecule, the two 

signals at 2183 and 2144 cm-1 are the expected peaks for asymmetric and symmetric 

stretching in cyano groups (red). Additionally, there are three other peaks at 1578.25 cm-

1 (orange), 1503.04 cm-1  (green) and 1325.32 cm-1 (yellow), which correspond to 

symmetric stretching between the C=C groups in the Quinone that oscillates between 

double a single bonds in the molecule33 (Figure 3).  
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Figure 3. FT-IR absorption spectra of 2-(4-(imidazolidin-2-

yl)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).  

 

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.34 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.34 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.14 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).   
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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 π-π* 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.35 (Figure 5)        

 

Figure 5. UV-Vis spectra of 2-(4-(1-(4-nitrophenyl)imidazolidin-2-

yl)phenyl)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-1 with a medium 

intensity, corresponding to the secondary amine N-H stretching (blue). Also, the two 

signals at 2175.03 and 2124.65 cm-1 which correspond to symmetric and asymmetric C≡N 

stretching of the cyano groups (red). Additionally, one strong peak is present at 1593.89 

cm-1 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-1 corresponding to a C-N stretching 

seems to present a single and double bond character (purple). Also, the peak at 1547.23 

cm-1 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-1 which correspond to 

both the C=C and  N-C  stretching (yellow) (Figure 6). All detected signals are present 

in the expected ranges.33    

 

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)  

4. 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 Å.36 While the energy associated with these interaction could vary 

from a weak (1–2 kJ mol−1) to strong (161.5 kJ mol−1 in the ion HF2
−).37,38 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 1,82Å 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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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 (hartree) 
Energy change 

(KJ/mol) 

1 2 ΔE 

-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.7  

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.39 

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.23 

Thus, Fityk40 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 = ∑ fii , of Log-normal functions. (equation 2)   

f(x)  =  
1

x
 

1

σ√2π
 exp {−

(ln x − μ)

2σ2

2

}                                                      (2)  

where μ and σ 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, (χ-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-

yl)phenyl)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% 16 and the refractive index will cancel 

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

measurements. 

 Absorbance 

at 405 nm 

Area under the curve R-squared 

Reference sample: 

Compound (a) 

0,6958 
 

91200.1 + 182323 = 

273523.1 

0.998345 
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Test Sample: 

Compound (b) 

0,5428 
 

83691.1 + 182323 = 

266014.1 

0.993176 

 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, Φ 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:  

Φ𝑥 = Φ𝑠𝑡

𝐼𝑛𝑡𝑥

𝐼𝑛𝑡𝑠𝑡
(

1 − 10𝐴𝑠𝑡

1 − 10𝐴𝑥
)

𝑛𝑥
2

𝑛𝑠𝑡
2  

Φ𝑥 = 10.1 
266014.1

273523.1
(

1 − 100.6985

1 − 100.5428) 

Φ𝑥 = 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).41 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.42 

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.43 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. 

 

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 π-π stacking interactions. Finally, the geometric 

variations between states for c 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. 

 

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 Dγ, Dδ for a and Dα, Dβ, 

Dγ, Dδ for b and c.  
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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 Dγ, Dδ. b) 2-(4-(1-(4-nitrophenyl)imidazolidin-2-

yl)phenyl)malononitrile (b) with the four types of dihedral angles Dα, 

Dβ, Dγ, Dδ. c) 2-(4-(1-(2-nitrophenyl)imidazolidin-2-

yl)phenyl)malononitrile (c) with the four types of dihedral angles Dα, 

Dβ, Dγ, Dδ  

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 

Dδ 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 Dγ 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 Dβ there are important rotations produced either by the different substitutions in each 

compound and by the change of the electron disposition in the S1 and S0 states. 

Furthermore, it seems to produce a loss in electrons delocalization around the Quinone 

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

Finally, as we can see in Table 3 for Dα 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. 

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

(S0) 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.44 For example, a transition that is quantum mechanically 

fully allowed need to have an oscillator strength around 1.0.45 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 S0 and the S1 

states respectively, indicating in the same manner as a that the electronic transitions are 

quantum chemically allowed. Finally, for c 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 c 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 

Dihedral angles a (S0) a (S1) b (S0) b (S1) c (S0) c (S1) 

Dα - - 1,5° 1,9° 34,4° 22,9° 

Dβ - - -40,4° -20,7° 53,3° 43,3° 

Dγ 16° 5,8° -33,7° -20,5° 31,4° 38,5° 

Dδ - 0,3° 0,4° 0,2° 0,3° -0,4° 0,4° 
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electronic transition is accompanied by an instantaneous change in the dipole moment.46 

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.16  

 

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 c 

it would be expected to see a positive solvatochromism.    
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  a b c 

Oscillator Strength S0 1,2520 0,7850 0,0030 

S1 1,2889 1,0087 0,0005 

Dipole moment (Debye) S0 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 S0 and S1 states. Additionally, in (Table 6) are presented the energies 

associated with compounds b and c 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 S0 and S1 in compound c shows a very different excited state 

that may cause a lack of fluorescence in this molecule.   

  a b c 

Energy (hartree)  S0 -682,215573965 -1117,75295526 -1117,74682374 

S1 -682,210919905 -1117,74558489 -1117,72531889 

Energy change 

(KJ/mol) 
ΔE 12,2169075 19,34722125 56,45023125 

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 (S0) and excited state (S1).  

 

In addition, the difference between the energies of b and c 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 ΔE 

S0 -1117,75295526 -1117,74682374 16,15962096 

S1 -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 

(c). 

 

4.2.2.4. Mulliken Charges 

About the distribution of charges in a, b and c 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 c (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 c 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 c 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-

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).  

 

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 μg/ml; 100 μg/ml and 10 μg/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 μg/ml and the 100 

μg/ml dilutions in all samples, while for the 10 μg/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.47,48 
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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 (OD600) 

The results for the OD600 studies showed that all the compound presents some sort of 

antibacterial activity. Initially, the OD600 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. tube1). 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  2,5 ml 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 OD600 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. 

 

 

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.  
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Additionally, it has been demonstrated that E. coli cultures with an OD600 of 0,1 and 

incubated in a LB Broth present a concentration around 8 x 108 cells/ml.49,50 With this 

value it is possible to estimate the amount of cell per ml that correspond to the different 

obtained OD600 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. Tube1); 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.  

 OD600 cells/ml 
% of 

inhibition 

Δ % of 

inhibition 

Standard 0,1 8 x 108 - - 

T. Tube 1 0,365 2,92 x 109 100 0 

T. Tube 2 0,334 2,672 x 109 91,50684932 8,5 

T. Tube 3 0,282 2,256 x 109 77,26027397 14,3 

T. Tube 4 0,317 2,536 x 109 86,84931507 4,7 

T. Tube 5 0,318 2,544 x 109 87,12328767 4,4 

T. Tube 6 0,333 2,664 x 109 91,23287671 8,77 

Table 8. Final OD600 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 π-π 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  

• 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.  

• It is 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 

Mulliken charges S0 

C1 -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 

C5 -0,277889 C5 -0,274670 C5 -0,276205 

C6 -0,277888 C6 -0,247164 C6 -0,257993 

C7 -0,156695 C7 -0,177319 C7 -0,166580 

C8 -0,156692 C8 -0,157413 C8 -0,145802 

C9 0,072561 C9 -0,038441 C9 0,011632 
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C10 0,315050 C10 0,328847 C10 0,250020 

C11 -0,104363 C11 -0,074427 C11 -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 

- - C14 -0,144001 C14 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 0,431526 N5 0,459160 

- - O1 -0,331159 O1 -0,310155 

- - O2 -0,332019 O2 -0,328836 

       

Mulliken charges S1 

C1 -0,253786 C1 -0,255387 C1 -0,271823 

C2 -0,253784 C2 -0,253121 C2 -0,270732 

C3 -0,008101 C3 0,001927 C3 -0,012610 

C4 0,168252 C4 0,168825 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 0,372496 C10 0,392713 C10 0,249880 

C11 -0,115644 C11 -0,093056 C11 -0,093354 

C12 -0,115645 C12 -0,186209 C12 -0,124176 

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 

- - C14 -0,211818 C14 -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 0,430141 N5 0,486281 

- - O1 -0,344815 O1 -0,334921 

- - O2 -0,346138 O2 -0,354944 

Annex 1. Charges for each of the atoms in compounds (a), (b) and 

(c), in their excited S1 and ground S0 states.  
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OD600 

Time T. Tube 1 T. Tube 2 T. Tube 3 T. Tube 4 T. Tube 5 T. Tube 6 

0 0,02 0,02 0,02 0,02 0,02 0,02 

30 0,02 0,021 0,022 0,022 0,02 0,021 

60 0,019 0,023 0,024 0,021 0,022 0,021 

90 0,026 0,025 0,026 0,025 0,027 0,023 

120 0,038 0,03 0,03 0,024 0,034 0,036 

150 0,049 0,048 0,04 0,049 0,047 0,044 

180 0,07 0,063 0,046 0,055 0,055 0,052 

210 0,096 0,078 0,058 0,078 0,081 0,074 

240 0,124 0,111 0,084 0,103 0,109 0,113 

270 0,148 0,133 0,107 0,133 0,13 0,134 

300 0,187 0,173 0,114 0,137 0,159 0,174 

330 0,219 0,195 0,132 0,179 0,19 0,206 

360 0,251 0,217 0,146 0,202 0,207 0,217 

390 0,257 0,242 0,185 0,238 0,246 0,251 

420 0,291 0,248 0,18 0,233 0,229 0,259 

450 0,297 0,259 0,222 0,245 0,244 0,267 

480 0,315 0,285 0,232 0,255 0,247 0,291 

510 0,325 0,286 0,241 0,262 0,271 0,293 

540 0,341 0,313 0,25 0,276 0,287 0,313 

570 0,36 0,326 0,274 0,303 0,291 0,321 

600 0,365 0,334 0,282 0,317 0,318 0,333 

630 0,368 0,337 0,284 0,32 0,322 0,336 

Annex 2. Detailed data of all the OD600 values taken for each test 

tube.  

 


