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RESUMO 

 

Por causa do crescente interesse na química da classe de moléculas denominadas chalconas, já 

que essas espécies demonstram uma ampla aplicabilidade farmacológica dependendo da 

natureza química dos grupos ligados aos anéis A e B, a molécula N-{4'-[(E)-3-(4-fluorofenil)-

1-(fenil)-prop-2-en-1-ona]}-acetamida (PAAPF) foi recentemente sintetizada. Os cálculos 

químicos quânticos foram feitos para uma caracterização teórica completa (propriedades 

estruturais, espectroscópicas, eletrônicas e óticas não-linares) empregando três métodos da 

Teoria do Funcional da Densidade (DFT) como B3LYP, mPW1PW91 e M06-2X com o 

conjunto de base 6-311++G(d,p). Após todas as caracterizações, a atividade antioxidante foi 

estudada por meio do mecanismo teórico utilizando os diferentes métodos de DFT. Em seguida, 

utilizando cálculos de acoplamento molecular, seis chalconas foram estudadas como potenciais 

antivirais para inibição de enzimas importantes do SARS-CoV-2 por causa da emergência 

sanitária da pandemia da COVID-19 e a busca por novos candidatos à antivirais para uma 

doença nova que até então não possui tratamento eficiente. Todos os três métodos DFT 

estudados podem descrever com grande precisão a chalcona PAAPF: os resultados da 

espectroscopia de infravermelho e da blindagem isotrópica de 1H e 13C demonstram estar em 

excelente concordância com os dados experimentais. Os resultados das propriedades óticas não 

lineares mostraram que a chalcona PAAPF pode ser usada em aparelhos óticos. Por fim, os 

dados experimentais da atividade antioxidante mostraram uma taxa moderada de reação com a 

molécula de DPPH (50,92%) e este fato foi comprovado com o mecanismo de Transferência de 

Átomo de Hidrogênio (HAT) sendo o mais favorável. Juntos, nossos resultados sugerem que a 

chalcona PAAPF, juntamente com outras cinco nomeadas N-{4'-[(E,E)-5-(fenil)-1-(fenil)-

penta-2,4-dien-1-ona]}-acetamida denominada PAACN, N-{4'-[(E)-3-(fenil)-1-(fenil)-prop-2-

en-1-ona]}-acetamida denominada PAAB, N-{4'-[(E)-3-(4-dimetilaminofenil)-1-(fenil)-prop-

2-en-1-ona]}-acetamida denominada PAAPA, N-{4'-[(E)-3-(4-etóxifenil)-1-(fenil)-prop-2-en-

1-ona]}-acetamida denominada PAAPE e N-{4'-[(E)-3-(4-metóxifenil)-1-(fenil)-prop-2-en-1-

ona]}-acetamida denominada PAAPM inibem a interação do vírus com as células hospedeiras 

humanas através da ligação à proteína ACE2 ou SPIKE, provavelmente gerando um 

impedimento estérico. Além disso, as moléculas de chalconas apresentam afinidade por 

enzimas importantes em processos pós-traducionais, interferindo na replicação viral. 

 

Palavras-chave: chalcona; teoria do funcional de densidade; acoplamento molecular; SPIKE; 

ACE2. 



 

ABSTRACT 

 

Due to the growing interest in the chemistry of the class of molecules called chalcones, these 

species demonstrate broad pharmacological applicability depending on the chemical nature of 

the groups attached to the A and B rings, the molecule N-{4'-[(E)-3-(4-fluorophenyl)-1-

(phenyl)-prop-2-en-1-one]}-acetamide (PAAPF) was recently synthesized. The quantum 

chemical calculations were made for the complete theoretical characterization (structural, 

spectroscopic, electronic, and non-linear optical properties) applying three differents Density 

Functional Theory (DFT) methods such as B3LYP, mPW1PW91, and M06-2X with base set 6-

311++G(d,p). After the characterization, the antioxidant activity was studied by the theoretical 

mechanisms using the different DFT methods. Then, using Molecular Docking calculations, six 

chalcones were studied as potential antivirals for inhibiting important enzymes of SARS-CoV-

2 due to the health emergency of the COVID-19 pandemic and the search for antiviral 

candidates for a new disease, which until the present date, it does not have efficient treatment. 

All the three DFT methods used in this work can describe the PAAPF chalcone with great 

precision: the results of infrared spectroscopy and 1H and 13C isotropic shielding demonstrate 

to be in excellent agreement with the experimental data. The PAAPF chalcone can be used in 

optical devices due to its results for non-linear optical properties. Finally, the experimental data 

of antioxidant activity showed a moderate rate of reaction with the DPPH molecule (50.92%), 

and this fact was proven theoretically by the Hydrogen Atom Transfer (HAT) mechanism being 

the most favorable. Together, the results suggest that the PAAPF chalcone along with five others 

derivates N-{4'-[(E,E)-3-(phenyl)-1-(phenyl)-prop-2-en-1-one]}-acetamide named PAACN, 

N-{4'-[(E)-3-(phenyl)-1-(phenyl)-prop-2,4-dien-1-one]}-acetamide named PAAB, N-{4'-[(E)-

3-(4-dimethylaminophenyl)-1-(phenyl)-prop-2-en-1-one]}-acetamide named PAAPA, N-{4'-

[(E)-3-(4-ethoxyphenyl)-1-(phenyl)-prop-2-en-1-one]}-acetamide named PAAPE, and N-{4'-

[(E)-3-(4-methoxyphenyl)-1-(phenyl)-prop-2-en-1-one]}-acetamide named PAAPM inhibit the 

virus interaction with human host cells through binding to the ACE2 or SPIKE protein, probably 

generating a steric impediment. In addition, chalcone molecules have an affinity for important 

enzymes in post-translational processes, interfering with viral replication. 

 

Keywords: chalcone; density functional theory; molecular docking; SPIKE; ACE2. 
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1 INTRODUCTION 

 

The class of molecules denominated chalcone is considered open-chain molecules and 

derived from flavonoids and isoflavonoids, which have a natural occurrence and are important 

constituents of natural products such as tea, vegetables, fruits, and plants [1]. The molecular 

structure of chalcone consists of at least two aromatic rings linked by three highly electrophilic 

carbons and is called the α,β-unsaturated system (1,3-diaryl-prop-2-in-1-one) [2,3]. The 

aromatic ring near to the carbonyl group is frequently called “ring A” and the other aromatic 

ring is “ring B”. The molecular structure of the chalcone can assume two possible geometric 

isomers: the E and the Z structures. Thermodinamically, in most of cases, the E structure is 

more stable. Hence, in Figure 1 is shown the basic chalcone structure using the E isomer [4]. 

 

Figure 1 – The basic molecular structure of the chalcone molecule 

 

Source: Author himself 

 

The chalcones molecules can also be obtained through organic synthesis using several 

methods. In the laboratory, although there are several methods of synthesis, in this thesis, a 

specific method was used to synthetize these molecules, and this reaction is called Claisen-

Schmidt aldol condensation [5-7]. This reaction takes place between an acetophenone molecule 

that has a single hydrogen and aromatic aldehydes. The general overall reaction can be seen in 

Figure 2. The solvent used in this reaction should be polar, and a strong base, such as potassium 

hydroxide (KOH), is used as a catalyst [8]. A scheme for the known mechanism is shown in 

Figure 3.  
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Figure 2 – The general overall reaction to obtain a chalcone from the Claisen-Schmidt reaction 

 

 

Source: Author himself 

 

Initially, due to the basic medium, there is the formation of a carbanion ion (structure I) 

from the acetophenone molecule by the attack of the hydroxide ion (𝑂𝐻−) and, because of the 

tautomeric effect, it can obtain the enolate ion (structure II). Then, it occurs the attack of the 

enolate ion (nucleophile) to the carbon atom of the aldehyde group (electrophile), generating 

an alkoxide ion (structure III). Subsequently, the alkoxide ion attacks the polar solvent molecule 

generating an aldol molecule (structure IV), and finally, this molecule undergoes base-catalyzed 

dehydration to yield the chalcone of interest (structure V). This reaction is considered one of 

the most used methodologies in the laboratory for the synthesis of chalcones, its duration 

depends on the nature of the substituent groups present in the precursor reagents, and the 

reaction yield can reach up to 90% [9]. It is known that the Claisen-Schmidt condensation can 

also be catalyzed using a strong acid, however, since the interested molecules for this thesis 

were synthesized using the base-catalyzed method, the text was limited to this methodology. 
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Figure 3 – The Claisen-Schmidt aldol condensation to obtain the chalcone molecules. 

 

Source: Author himself 

 

 Chalcones and their derivatives are substances of great chemical-pharmacological 

interest and have received a great deal of attention mainly due to their relatively simple structure 

and the diversity of pharmacological activity they present [10-12]. The existence of conjugated 

double bonds between the two aromatic rings, the carbonyl group, and the olefinic bond (CαCβ) 

implies the delocalization of the π-electronic density within the whole molecular structure. This 

special characteristic of chalcones makes these molecules have low reduction-oxidation 

potentials and exhibit a high probability of participating in reactions with electronic density 

transfer [13]. Furthermore, the fact that there is the possibility of anchoring different types of 

substituent groups in aromatic rings leads to new biological activities for each new molecule 

synthesized. Several recent studies in the literature show numerous pharmacological 

applications such as antioxidant [14,15], antiviral [16-18], anti-cancer [15,19], anti-fungal [20], 

antiparasitic [21], analgesic [22], anti-proliferative [23], antimicrobial [24], anticonvulsant [25], 

antidiabetic [26,27], anti-inflammatory [15,28], neuroprotective [15,29], and anxiolytic [2,8,30] 

activities. It was mentioned previously only a few examples of the most diverse application 

possibilities of the chalcone derivates. 

 Within the huge class of chalcone molecules, it is possible to highlight the derivatives 

whose substitution occurred in the para position of the A ring using the amino and acetamide 

groups [31-36]. According to the literature, the presence of the amino group in the A ring 

increases the positive charge on the carbon Cβ, therefore, it increases the probability of this 
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chalcone derivative acting as an electrophile and attack cancer cells [37]. Dimmock et al. [38] 

and Romagnoli et al. [39] synthesized the base structure of the aminochalcone, and the authors 

measured the cytotoxicity against human cells and five cancer cell lines. The results obtained 

by these authors were that the aminochalcone has a satisfactory potential in the treatment of 

cancer, but it was found to be toxic for human cells. Since these derivatives are toxic, it was 

proposed in the work by Tristao et al. [40] that when chemically transforming the amino group 

into the acetamide group, there is a decrease in cytotoxicity and maintenance of the anticancer 

potential. Therefore, a more in-depth study of these derivatives is necessary. 

Among the mentioned applications, the possibility of using the chalcone derivatives as 

potential antivirals can be highlighted. The current health emergency generated by the COVID-

19 pandemic caused by the new coronavirus (SARS-CoV-2) can be measured by the number of 

cases and deaths confirmed by the disease globally. The number of total cases in the world is 

higher than 241,000,000, the number of death higher than 4,900,000, and in Brazil, it has been 

accounting for more than 21,000,000 in the total cases and almost 600,000 deaths [41]. About 

a year and six months after the WHO declared that COVID-19 as a pandemic [42], until this 

date, there is no drug or efficient treatment against this disease. The vaccination of the 

population, the appropriate use of face masks, and social distancing are the only ways to slow 

down the spread of the virus. Hence, there is an extreme need to search for new candidates for 

antiviral drugs to be able to control the advance of COVID-19 [43]. 

 It is widely known that the number of works involving computational methods is 

increasing in the most diverse areas. In the initial months of the pandemic, it was possible to 

notice an increase in the number of works that aim to study antiviral properties of different 

types of molecules, which can be obtained from both natural and synthetic sources, against the 

SARS-CoV-2. The use of computational calculations can speed up the discovery of new drugs 

as it is possible to predict properties with good accuracy and thus take only the promising 

molecules to carry out the experiments in the laboratory.  

 Among the computational methods most used in the literature, the Molecular Docking 

and the quantum calculations using the Density Functional Theory (DFT) are highlighted. With 

the use of those two methods, it is possible to study the chemical interactions between the 

interested molecules and the target proteins of the virus. Due to the great interest in the 

chemistry of chalcones and their known antiviral properties, this thesis aims to make a full 

theoretical characterization using quantum calculations (DFT method) for a chalcone derivative 

and subsequent application against three main target proteins of SARS-CoV-2 and the human 

host receptor protein to which the virus binds for entry into cells (Molecular Docking).  
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 Vijayakumar et al. [44] studied in silico twenty-three natural flavonoids and twenty-five 

synthetic antituberculosis indole chalcones. The anti-SARS-CoV-2 activity was computed 

using the Molecular Docking. The authors chose three target proteins for the Molecular 

Docking calculations: the RNA-dependent RNA polymerase (rsrp), the Main protease (Mpro), 

and the SPIKE protein. Only a few synthetic indol chalcones (C4, C8, C12, C16, C17, C20, 

C22, and C23) demonstrated interaction with the RNA-dependent RNA polymerase, but it was 

a natural flavonoid (Cyanidin) that had the best interaction free energy; the Chalconaringenin 

and all the synthetic chalcones showed desirable interactions with the Mpro. The best 

interaction occurs with the C23 and the aminoacid residues GLU288 and ASP289; The 

Chalconaringenin and the indol chalcones C25 and C17 could interact with the SPIKE protein. 

Therefore, it can be seen that chalcones derivates can be used as antiviral candidates according 

to the in silico studies. The chemical structures of these chalcones are shown in Figure 4.  

Figure 4 – Chemical structures for some chalcones derivates. 

 

Source: Author himself 
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 Duran et al. [45] studied eight new synthesized chalcones derivatives which were 

expected to have anti-SARS-CoV-2 activity. The authors used the Molecular Docking method 

with three target proteins: the RNA-dependent RNA polymerase, the Main protease (Mpro), 

and the SPIKE protein. The results of this works show that the chalcone derivative (E)-1-(2,5-

Difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one exhibited interaction energy of -

4.370 kcal/mol with the RNA-dependent RNA polymerase, interacting with the aminoacids 

residues SER814 (hydrogen bond) and ASP760, ASP761, and ASP618 (negatively charged 

interaction). The chalcone (E)-1-(2,5-Difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-

one demonstrated the best affinity in the molecular docking calculation with the Mpro with an 

interaction energy of -3.953 kcal/mol. This chalcone interacted with LYS5 by hydrogen bond, 

with LEU286 by hydrophobic interactions, and with ASP289 and GLU290 by negatively 

charged interaction. This chalcone was also the best candidate to interact with the SPIKE 

protein with interaction energy of -4.127 kcal/mol, and the interactions with the aminoacid 

residues ARG403 and GLY496 occurred by hydrogen bonds. The authors also discussed that 

the chalcones (E)-1-(2,5-Difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one, (E)-1-

(3,5-Difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one, and (E)-1-(3,5-

Bis(trifluoromethyl)phenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one showed the best 

antiviral activity among the eight that were tested. The authors concluded that the fluoro ligand 

in different positions enhanced the antiviral activity of the chalcone derivative. The molecular 

structure of the three chalcones derivates that exhibited best antiviral activity from the work of 

Duran et al. [45] are shown in Figure 5. 
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Figure 5 – Chalcone derivates chemical structures. 

 

Source: Author himself 

So far, it has been seen only studies that apply the Molecular Docking methodology. 

When the quantum calculation methodology is used, it is not possible to treat macromolecules 

such as the target proteins of SARS-CoV-2. However, since the molecule is a quantum entity, 

calculations using Density Functional Theory methodology can provide more accurate 

information about how interactions with target proteins occur, for example, if there is any 
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structural specificity of a series of candidate molecules that enhance antiviral activity. It was 

seen in the work by Duran et al. [45] that the authors proposed that the addition of fluorine 

groups (either the fluorine atom or the trifluoromethyl group) increase the anti-SARS-CoV-2 

activity. If the authors had done quantum calculations based on the DFT, it would be possible 

to begin to understand the relationship between electron density withdrawn-groups and antiviral 

activity.  

Clara et al. [46] used both DFT and Molecular Docking methodology to study the anti-

SARS-CoV-2 properties of the chalcone derivative named (E)-1-(4-aminophenyl)-3-(4-

benzyloxyphenyl)-prop-2-en-1-one (Figure 6). In this work, the chalcone derivative was 

geometrically optimized using the B3LYP/6-31++G(d,p) computational level in the gas phase. 

From the optimized structure, the full theoretical characterization was carried out: the 

spectroscopy analysis (vibrational, 1H and 13C NMR, and UV-Vis), electronic properties, 

thermodynamic properties, and charge analysis. Next, the Molecular Docking was done with 

the 6LU7 COVID-19 protein, and the interaction was compared with the FDA-approved drug 

against Covid-19, the ritonavir molecule. The authors showed that even the chalcone has a 

higher electrophilic character, the main interactions with the 6LU7 COVID-19 protein occur 

due to the hydrogen bonds with the aminoacids residues GLU16, ALA2, VAL3, and LEU4. The 

authors also found out that the chalcone can bind more effectively with the SARS-CoV-2 

protein when compared to the ritonavir molecule. Therefore, it can be seen that chalcones 

derivatives have potential antiviral activity against the new coronavirus (SARS-CoV-2). This 

theoretical research is only the first step of the complete study to develop a new drug. However, 

it has extreme importance since it can select only the most probable candidates due to its 

theoretical interaction energy (Molecular Docking), and it can be proposed some relation 

between the molecular structure and the molecular properties to understand the chemical 

interactions between the chalcone and the target protein. 
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Figure 6 – The chemical structure of the chalcone (E)-1-(4-aminophenyl)-3-(4-

benzyloxyphenyl)-prop-2-en-1-one. 

 

Source: Author himself 

 From the chalcone biological applications, it can be highlighted another important use 

for this class of molecules, which is the antioxidant activity. There are several recent works 

from the literature [47-55] concerning the antioxidant activity of chalcone derivatives. The 

chalcones, both natural and synthetic, have been shown excellent radical scavenging potential. 

The molecules 2,3,4,6-tetrahydroxy-chalcone and 2',4',3,4-tetrahydroxy-chalcone showed 

higher antioxidant [47] activity than the reference compounds vitamin C [56] and α-tocopherol 

[57]. Hence, it has been seen that the presence of the hydroxyl group can increase the radical 

scavenging potential of a chalcone molecule [47,58]. 

 In the work of Kostopoulou et al. [47], the authors synthesized fifteen derivatives from 

the 2'-hydroxy-chalcone, which has the hydroxyl group bonded to the ring A (phenol), to test 

the antioxidant activity of those chalcones. According to them, four of the fifteen molecules 

were synthesized for the first time. In the DPPH scavenging, the chalcones, which have the 

methoxy group and the alkoxymethyl protection group (-OMOM) bonded in ring B, 

demonstrated weak or inactive in the scavenging. However, the hydroxyl-chalcones “pure” 

(ring B) derivatives showed excellent results. The authors considering that the original 2'-

hydroxyl group bonded in the ring A cannot react with the DPPH molecule since the existence 

of a strong hydrogen bond between this group and the oxygen atom from the carbonyl group. 

Hence, the other hydroxyl groups bonded in ring B can react with DPPH, and this enhances the 
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antioxidant activity. The authors also discussed that the presence of the bromine atom as a 

ligand can increase antioxidant activity. They showed that if they bond the bromine in position 

5' (ring A), the lipid peroxidation inhibitory activity was improved about four times more when 

compared to the same molecule without the bromine atom. Therefore, the chalcones molecules 

can be excellent candidates for antioxidant molecules, which explains the reason to make more 

studies about this biological activity in this class of molecules, since it can be obtained several 

different compounds from a simple basic structure. 

 In the recent works of the literature, some chalcone derivatives were studied both 

experimental and theoretical to understand biological activities, such as antioxidant activity. In 

those works, the quantum chemical calculations were done using several computational levels: 

B3LYP/6-31+G(d,p)/LanL2DZ for Pd(II) complexes with chalcone as ligands [59]; B3LYP/6-

311++G(d,p) for synthesized β-chalcones [60]; B3LYP using two bases set such as 6-311G(d,p) 

and 6-311++G(d,p) for the new chalcone derivative 1-(4-(benzylideneamino)phenyl)-3-(furan-

2-yl)-prop-2-en-1-one [61]; TPSSh-D3/TZVP to obtained the optimized geometries, and the 

vertical and adiabatic energies of excitation for the triplet state to study the antioxidant activity 

against singlet oxygen [62]. Also, the quantum reactivity descriptors were computed to 

understand the relation between the biological activity and the chemical structure. For three of 

the four works, the antioxidant activity of the chalcone derivative was found to be low. However, 

in the work of Arif et al. [60], the β-chalcone achieve great results in the DPPH radical scavenge 

and Hydrogen peroxide scavenging, which show the structure-dependent of antioxidant activity. 

Therefore, it can be noticed that the chalcone derivatives showed low to high antioxidant 

activity, and it is important to understand how the structure can influence biological activity. 

This study can be done more easily using quantum calculations based on the Density Functional 

Theory method. 

 Therefore, after it has seen the importance of the chemistry of chalcones and the great 

relevance of at least two of its applications, as well as the growing interest in these two, this 

thesis aims to theoretically study a chalcone derivative making a complete characterization of 

its structural, electronic, spectroscopic properties and the theoretical study of two applications 

such as antiviral and antioxidant. 
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Chapter 1 

 

 

Characterization of the structural, spectroscopic, nonlinear optical, 

electronic properties and antioxidant activity of the N-{4’-[(E)-3-

(Fluorophenyl)-1-(phenyl)-prop-2-en-1-one]}-acetamide 
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RESUMO 

 

A molécula N- {4'-[(E)-3-(Fluorofenil)-1-(fenil)-prop-2-en-1-ona]} chalcona (PAAPFBA) foi 

recentemente sintetizada devido ao crescente interesse na química das chalconas. Os cálculos 

da química quântica foram realizados para fazer uma caracterização teórica completa 

(propriedades estruturais, espectroscópicas, ópticas não lineares e eletrônicas) empregando três 

métodos da Teoria do Funcional da Densidade (DFT) como B3LYP, mPW1PW91 e M06-2X 

com conjunto de base 6-311++G(d,p). Após todas essas caracterizações, a atividade 

antioxidante foi estudada utilizando a reação com o composto DPPH em solução de metanol e 

o mecanismo foi investigado teoricamente. Todos os três métodos de DFT usados podem 

descrever com grande precisão a chalcona PAAPFBA: os resultados da espectroscopia de 

infravermelho e da blindagem isotrópica de 1H e 13C demonstraram estar em excelente 

concordância com os dados experimentais. As propriedades ópticas não lineares (NLO) 

mostram que a chalcona de interesse desde trabalho pode ser usada com grande potencial em 

dispositivos óticos e este resultado está de acordo com a análise do Orbitais Naturais de Ligação, 

que mostra como a densidade eletrônica está deslocalizada por toda a molécula. Por fim, os 

dados experimentais da atividade antioxidante mostraram uma taxa moderada de reação com a 

molécula de DPPH (50,92%) e este fato está de acordo com o mecanismo teórico proposto 

sendo o de Transferência de Átomo de Hidrogênio como o mais favorável. 

 

Palavras-chave: Energia de Dissociação de Ligação; Condensação aldólica de Claisen-

Schmidt, Função de Fukui, Óptica não linear, Orbitais naturais de ligação.  
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ABSTRACT 

The molecule N-{4’-[(E)-3-(Fluorophenyl)-1-(phenyl)-prop-2-en-1-one]} chalcone 

(PAAPFBA) was recently synthesized due to the growing interest in the chemistry of the 

chalcone. The quantum chemical calculations were carried out to make a complete theoretical 

characterization (structural, spectroscopy, nonlinear optical, and electronic properties) 

employing three Density Functional Theory (DFT) methods like B3LYP, mPW1PW91, and 

M06-2X at 6-311++G(d,p) basis set. After all these characterizations, the antioxidant activity 

was studied using the reaction with the compound DPPH in methanol solution and the 

mechanism was investigated theoretically. All the three DFT methods used can describe with 

great accuracy the PAAPFBA chalcone: the results of infrared spectroscopy and the 1H and 13C 

isotropic shielding demonstrate to be in excellent agreement with the experimental data. The 

nonlinear optical (NLO) properties show that the title chalcone can be used with great potential 

in NLO devices and this result is in good agreement with the Natural Bond Orbital (NBO) 

analysis, which shows how the electronic density is delocalized within the molecule. Finally, 

the experimental data of the antioxidant activity showed a moderate rate of reaction with the 

DPPH molecule (50.92%) and this fact was proved by the theoretical mechanisms with the 

Hydrogen Atom Transfer (HAT) mechanism more favorable. 

 

Keywords: Bond Dissociation Energy, Claisen-Schmidt aldol condensation, Fukui Function, 

Nonlinear Optical, Natural Bond Orbital. 
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1 INTRODUCTION 

Chalcones are natural products considered as the most important subgroup of the 

flavonoid family. They are chemically characterized by the presence of an open chain with two 

phenyl rings bonded by α,β-unsaturated carbonyl group (1,3-diphenyl-2-propen-1-ones). For 

the chalcones, there are two possible isomers, the E (trans) and Z (cis), being that E isomer 

occurs naturally and it is thermodynamically more stable [1]. The greatest interest in this class 

of compound lies in the fact that chalcones have many hydrogen atoms that can be replaced, 

thus generating the possibility of synthesis routes for several compounds with different possible 

applications. The chalcone can be used as anti-leishmanial, antibacterial, antimicrobial, 

immunosuppressive, antidepressant, anti-inflammatory, anti-obesity, hypnotic, and anti-cancer 

[1 – 11].  

Despite these several applications, the chalcones exhibits antioxidant properties. Some 

examples about the great applicability of chalcone derivatives as antioxidants are given next. 

Arif et al. [12] studied the antioxidant properties of the 3-(1H-indol-3-yl)-1-p-tolylprop-2-en-

1-one by DPPH radical scavenging and Hydrogen peroxide scavenging which demonstrated 

high antioxidant activity, Ustabas et al. [13] used the chalcone derivative 1-(4-

(benzylideneamino)-phenyl-3-(furan-2-yl)prop-2-en-1-one as an antioxidant by the DPPH and 

FRAP methods which demonstrated low antioxidant activity, Uddin et al. [14] studied six 

chalcones derivates of the 3-(4-methoxyphenyl)-prop-2-en-1-one by the total phenolic content 

which demonstrated good antioxidant properties, Polo et al. [15] studies several chalcone and 

bis-chalcone derivates using sonication conditions during the synthesis and the antioxidant 

activity was investigated by DPPH radical scavenging and ABTS radical scavenging which 

demonstrated moderate antioxidant activity. Each chalcone’s derivative has different values for 

antioxidant activity, which implies the importance of studying new derivatives in order to 

correlate the relationship between that antioxidant properties and the chemical structure of the 

chalcone’s derivatives. 

Given the huge and growing applicability and interest in the chemistry of chalcones, the 

new chalcone N-{4’-[(E)-3-(Fluorophenyl)-1-(phenyl)-prop-2-en-1-one]} acetamide 

(PAAPFBA) was recently experimentally synthesized by Ferreira et al. [16]. This derivate had 

the two hydrogens in the para position of the phenyl rings substituted respectively by the 

acetamido group in ring A and the fluorine atom in ring B. This chalcone showed an excellent 

result of nontoxicity and great potential for the treatment of anxiety induced by alcohol 

withdrawal.  
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Currently, it is widely known that the computational quantum chemical calculations are 

an important tool to study the structural, electronic, optical properties, spectroscopy 

characterization, and predict how the molecule behaves during a chemical reaction in different 

media. Hegde et al. [7] studied theoretically the chalcone derivative 3-(2-methoxynaphthalen-

1-yl)-1-(thiophen-2-yl)-prop-2-en-1-one at DFT/B3LYP/6-311++G(d,p) to obtain the 

geometrical optimization, the infrared characterization, the electronic properties, and the 

excited states for the UV-Vis spectroscopy. Ramesh et al. [17] studied the 1-(3-Bromo-2-

thienyl)-3-[4-(dimethylamino)-phenyl]-prop-2-en-1-one chalcone at DFT/B3LYP/6-

311++G(d,p) to compute the geometrical optimization, the vibrational frequencies, the frontier 

molecular orbitals, the excited states (UV-Vis spectrum), the molecular electrostatic potential, 

and the Fukui functions. Thamarai et al. [18] studied the (2E)-1-(3-bromo-2-thienyl)-3-(4-

chlorophenyl)-prop-2-en-1-one at B3LYP/B3PW91/M06-2 using the 6-311++G(d,p) basis set 

to calculate the optimize molecular structure, the vibrational frequencies, the excited states, the 

electronic properties, the molecular electrostatic potential, the Natural Bond Orbital (NBO) 

analysis, and the thermodynamics properties. Chaouiki et al. [19] studied several chalcones 

derivatives using DFT/B3LYP method at 6-311++G(d,p) basis set to determine the geometrical 

optimization, the frontier molecular orbitals, and the quantum molecular descriptors. Therefore, 

the importance of using the Density Functional Theory (DFT) method in the study of new 

chalcones derivatives is demonstrated with these examples of recent works.  

There are also several recent theoretical researches about the fact that chalcones can also 

be used in optoelectronic devices and photochemical applications due to its 𝜋 -electrons 

delocalization and the 𝜋  molecular orbitals overlapping. Their optical properties can be 

controlled by donor or acceptor groups bonded in the two phenyl rings [7, 20, 21]. These are 

some examples of theoretical researches about the optical properties of the chalcones derivates: 

Custodio et al. [22] studied the chalcone (E)-3-(2-bromophenyl)-1-{[(2-

phenylsulfonylamine)]-phenyl}-prop-2-en-1-one at DFT/CAM-B3LYP/6-311++G(d,p) level, 

Kaya et al. [23] studied the derivate (E)-1-(3-hydroxyphenyl)-3-(2,4,6-trimethoxyphenyl)-

prop-2-en-1-one at DFT/B3LYP/6-311++G(d,p) level, Shukla et al. [24] studied the 1-(4-

chlorophenyl)-3-(5-methylfuran-2-yl)-prop-2-en-1-one chalcone derivative at DFT/B3LYP/6-

311++G(d,p) level. All authors concluded that the chalcone derivatives studied were excellent 

candidates for use in optical devices, which implies increasing importance in the chemistry of 

chalcones for optics in addition to biological applications. 

In this work, the PAAPFBA chalcone was synthetized and characterized it by infrared 
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spectroscopy, 1H and 13C spectroscopy and investigated its antioxidant potential. The main 

objective of this work was to use quantum chemical calculations based on the Density 

Functional Theory (DFT) at the ground state to understand the structural, nonlinear optical, 

electronic properties and the antioxidant mechanism using three different DFT methods (B3LYP, 

mPW1PW91, and M06-2X).  

2 Theoretical procedures  

The quantum chemical calculations were done to characterize the chemical structure, 

electronic, reactivity, non-linear optical properties, and the antioxidant activity of the chalcone 

PAAPFBA and to simulate their vibrational and magnetic resonance spectra. The geometrical 

optimization was carried out using the Becke’s three-parameter hybrid functional [25] with the 

Lee-Yang-Parr correlation functional [26] (B3LYP), the Perdew Wang exchange-correlation 

functional [27] adjusted by Adamo and Barone [28] (mPW1PW91), and the Minnesota 06 

hybrid meta exchange-correlation functional [29] (M06-2X) with the Gaussian basis set 6-

311++G(d,p) in Gaussian 09 program package [30] and GaussView 5.0.8 [31] to drawn the 

input molecules. The optimization calculations were executed using the Polarizable Continuum 

Model [32 – 33] with the Integral Equation Formalism [34] (IEF-PCM) for the solvation method 

with methanol as an implicit solvent to simulate the chemical environment of the experimental 

application for the antioxidant activity of the PAAPFBA molecule. The thermodynamics data 

were obtained using the same levels of theory at temperature 298.15 K under 1 atm pressure 

using methanol as an implicit solvent. The vibrational frequency calculations were done using 

the three grounds state optimized geometries to guarantee the structures were in a global 

minimum of energy. The calculated vibrational frequencies were multiplied by the following 

scaling factors: 0.967 for the B3LYP, 0.957 for the mPW1PW91, and 0.955 for the M06-2X at 

the 6-311++G(d,p) levels of theory. The infrared vibrational assignments were made based on 

the Potential Energy Distribution (PED) using the VEDA 4 [35] and, only the PED ≥ 10% 

were used to perform the final assignment of the molecular vibration.  

The ¹H and ¹³C NMR isotropic chemical shift were calculated using Gauge Independent 

Atomic Orbitals (GIAO) [36 – 39] proposal available in Gaussian. The correlation between the 

theoretical and the experimental data was made by the comparison of the theoretical shielding 

constant of both hydrogens (𝜎𝐻(𝑐𝑎𝑙𝑐)) and carbons (𝜎𝐶(𝑐𝑎𝑙𝑐)) atoms to the calculated shielding 

constant (𝜎𝐻(𝑇𝑀𝑆)  and 𝜎𝐶(𝑇𝑀𝑆) ) for the same elements presents in the reference compound 

tetramethylsilane (TMS) following the rule: 𝛿𝐶 =  𝜎𝐻(𝑇𝑀𝑆) −  𝜎𝐻(𝑐𝑎𝑙𝑐)  and 𝛿𝐶 =  𝜎𝐶(𝑇𝑀𝑆) −

 𝜎𝐶(𝑐𝑎𝑙𝑐).  
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The Non-linear optical (NLO) calculations, such as the dipole moment ( 𝜇 ), the 

polarizabilities (𝛼), and the first order hyperpolarizabilities (𝛽) at the static state were calculated 

at the same levels of theory. For comparison to the standard methodology available in the 

literature, the NLO properties were also computed at CAM-B3LYP [40], LC-BLYP [41], and 

ωB97XD [42] with 6-311++G(d,p) levels of theory with methanol as an implicit solvent. These 

three DFT methods belong to a short (CAM-B3LYP) [43,44] and long (LC-BLYP and ωB97XD) 

[44,45] range separated hybrid functional. The CAM-B3LYP shows a correct 0.65 fraction of 

nonlocal exchange at asymptotic distance [43,46]. The LC-BLYP and the ωB97XD show a 

correct 1.00 fraction of nonlocal exchange [44,47].  

The Frontier Molecular Orbitals (FMO) energies (𝐸𝐻𝑂𝑀𝑂 and 𝐸𝐿𝑈𝑀𝑂) and the global 

electronic properties called quantum chemical descriptors such as the energy gap (Δ𝐸𝑔𝑎𝑝 ), 

ionization potential (I), electron affinity (A), electronegativity (𝜒), global hardness (𝜂), global 

softness (S), electrophilicity (𝜔), and nucleophilicity (𝜀) using the B3LYP, mPW1PW91 and 

M06-2X at the 6-311++G(d,p) levels of theory. 

 To understand the chemical behavior of each atom, the Electronic Fukui functions were 

calculated from the electronic density and the Condensed Fukui functions were computed from 

the Hirshfeld charge population using the anionic, cationic and the radical species of the 

PAAPFBA molecule. Therefore, the local electronic properties such as the local hardness (𝜂𝑘), 

local softness (𝑠𝑘), philicity index (𝜔𝑘), dual descriptor (Δ𝑓), and multiphilic index (Δ𝜔) were 

estimated at the same levels of theory. The Molecular Electrostatic Potential (MEP) surface was 

computed using the Gabedit 2.5.0 software [48] for the PAAPFBA molecule to complement the 

investigation about the possibility of the electrophilic or nucleophilic reactive attack sites.  

The Natural Bond Orbital (NBO) analysis was carried out by B3LYP, mPW1PW91 and 

M06-2X at 6-311++G(d,p) basis set to investigate the delocalization of the electron density 

within the title molecule using the NBO 3.1 program [49] implement in Gaussian.  

To understand the antioxidant activity of the title chalcone, there are in the literature 

three mechanisms proposed to this analysis [50 – 54]. The Hydrogen Atom Transfer (HAT) 

mechanism occurs when a free radical (R•) extract a hydrogen atom from the antioxidant 

molecule. The global process is shown in the equation (1). The second mechanism is called 

Single Electron Transfer-Proton Transfer (SET-PT) and it occurs when an electron is removed 

from the antioxidant and the following step is a proton transfer (equations 2a and 2b). The third 

mechanism is the Sequential Proton Loss Electron Transfer (SPLET) and it occurs when the 

proton is lost and followed by the transfer of an electron (equations 3a and 3b). All these 
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mechanisms can occur simultaneously, but with different rates [50 – 54]. 

 

𝑅• + 𝑋𝐻 → 𝑅𝐻 + 𝑋• (1) 

𝑅• + 𝑋𝐻 → 𝑅− +  𝑋𝐻+• (2a) 

𝑅− +  𝑋𝐻+•  → 𝑅𝐻 +  𝑋• (2b) 

𝑋𝐻 →  𝑋− +  𝐻+ (3a) 

𝑋− +  𝑅•  →  𝑋• +  𝑅− (3b) 

𝑅− +  𝐻+  → 𝑅𝐻 (3c) 

 

In the HAT mechanism, the tendency of the reaction takes place can be predicted by the 

Bond Dissociation Energy (BDE) of the X – H chemical bond (X = C or N in this work). The 

lower the BDE value the higher is the reactivity of the antioxidant [50]. In the SET-PT 

mechanism, the reactivity is described by the Ionization Potential (IP) and the Proton 

Dissociation Enthalpy (PDE) from the antioxidant cation radical (RH•+) species. Molecules with 

lower values of the IP and PDE are expected to be more reactive [50]. In the SPLET mechanism, 

the propensity to react is computed by the Proton Affinity (PA) of the anionic species of the 

antioxidant molecule (X-) and the Electron Transfer Enthalpy (ETE) which corresponds to the 

removal of the electron. The reactivity is measure by the lower values of the PA and ETE 

quantities. The mathematical expressions for those quantities are shown respectively in 

equations 4 – 8. The geometrical optimization of the cation radical, the radical and the anionic 

species were carried out using the DFT methods B3LYP/mPW1PW91/M06-2X at 6-

311++G(d,p) levels of theory with methanol as implicit solvent (IEF-PCM model). All those 

enthalpies were calculated at 298.15 K and 1 atm of pressure. The values of the H-atom, proton 

and electron solvation enthalpies in methanol were taken from the work of Rimar𝑐̌ík et al. [51].  

 

𝐵𝐷𝐸 = 𝐻(𝑋•) + 𝐻(𝐻•) − 𝐻(𝑋𝐻) (4) 

𝐼𝑃 = 𝐻(𝑋+•) + 𝐻(𝑒−) − 𝐻(𝑋𝐻) (5) 

𝑃𝐷𝐸 = 𝐻(𝑋•) + 𝐻(𝐻+) − 𝐻(𝑋+•) (6) 

𝑃𝐴 = 𝐻(𝑋−) + 𝐻(𝐻+) − 𝐻(𝑋𝐻) (7) 

𝐸𝑇𝐸 = 𝐻(𝑋•) + 𝐻(𝑒−) − 𝐻(𝑋−) (8) 
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3 Experimental details 
 

3.1 Synthesis of the PAAPFBA chalcone 

The title chalcone was synthesized according to the methodology proposed by Ferreira 

et al. [16]. The first step consisted in the reaction between p-Aminoacetophenone and p-

Fluorobenzaldehyde by the Claisen-Schmidt aldol condensation in basic medium. The second 

step was the reaction with the acetic anhydride in acetic acid/sodium acetate medium at pH 4.5 

under magnetic stirring at room temperature [16]. 

 

3.2 Fourier transform infrared spectroscopy (FT-IR) 

The sample 2 mg chalcone PAAPFBA was powdered and mixed with 200 mg of KBr, 

which then was pressed pellets and analysis in spectrophotometer model IRTracer-100 

Shimadzu (Kyoto, Japan). The pellet was scanned, and spectra was recorded by summing 64 

scans at a spectral range from 4000 to 400 cm-1 and a resolution of 4 cm-1 [21].  

 

3.3 DPPH Free Radical Scan 

A methanol solution of DPPH was added to the methanolic solutions of the samples of 

chalcone (10 to 10.000 μg/mL). The test was performed in triplicate. After the 60-minute 

interval, absorbance was measured in a UV-Vis spectrophotometer at 515 nm. The antioxidant 

capacity was compared with a standard ascorbic acid curve and EC50 was determined. The 

control (-) was methanol and DPPH and the control (+) was done by adding standard solution 

(Ascorbic acid) and DPPH. In the procedure, 1 mL of the DPPH solution at a concentration of 

23.7 µg / mL was added to each concentration of the samples [55]. 

 

4 Results and Discussion 
 

4.1 Geometrical Optimization and Thermodynamic properties 

  The theoretically forecasted optimized geometries for the PAAPFBA molecule using the 

B3LYP/6-311++G(d,p), mPW1PW91/6-311++G(d,p) and M06-2X/6-311++G(d,p) methods 

are shown in Fig. 1. The optimized geometries for the three computational methods were 

achieved by accepting the C1 point group symmetry. 

The PAAPFBA molecule exhibited seventeen C-C bonds, thirteen C-H bonds, two C-O 

and C-N bonds and single N-H and C-F bonds. The PAAPFBA structure can be derived from 

an 𝛼, 𝛽 -unsaturated carbonyl group which means a 𝜋 -bond between the 𝛼  and 𝛽  carbons 
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closer to a ketone group (𝑅1 − 𝐶 = 𝐶 − 𝐶𝑂 − 𝑅2). Therefore, when R1 is equal to the 4-fluoro-

phenyl group and R2 is equal to the 4-acetamido-phenyl group, thus the PAAPFBA structure is 

formulated. The C19-C20, C20=C22, C20-H23, C22-H25 and C19=O21 bonds lengths from 

the 𝛼, 𝛽 -unsaturated carbonyl group are respectively 1.47960 Å, 1.34736 Å, 1.08111 Å, 

1.08703 Å and 1.23322 Å (B3LYP); 1.47459 Å, 1.34377 Å, 1.08123 Å, 1.08714 Å and 1.22733 

Å (mPW1PW91); 1.48436 Å, 1.33991 Å, 1.08184 Å, 1.08760 Å and 1.22110 Å (M06-2X). The 

three DFT methods describe the molecule in a remarkably similar way, in which the highest 

difference between the bond length is about 0.009772 Å between mPW1PW91 and M06-2X 

methods concerning the C19-C20 bond. The C20-H23 bond length predicted by the DFT 

methods are almost the same value 1.08111 Å (B3LYP), 1.08123 Å (mPW1PW91) and 1.08184 

Å (M06-2X). Wu et al. [56], Cai et al. [57], and Prabuswamy et al. [58] studied, by 

crystallographic methods, the following chalcone derivates: 1-Phenyl-3-(2,4,6-

trimethoxyphenyl)-prop-2-en-1-one [56], (E)-1-(4-Methoxyphenyl)-3-(2,4,6-

trimethoxyphenyl)-prop-2-en-1-one [57], and 1-(2-Fluorophenyl)-3-(2,4,6-trimethoxyphenyl)-

prop-2-en-1-one [58], respectively, which have similar structure (the 𝛼, 𝛽-unsaturated carbonyl 

group and the two phenyl rings) to the molecule investigated in this work the PAAPFBA 

chalcone. Hence, the values of the bonds obtained from the experimental data in the work of 

Wu et al. [56], Cai et al. [57], and Prabuswamy et al. [58] are respectively C-C (1.4611 Å, 

1.4703 Å, 1.4510 Å), C=C (1.3317 Å, 1.3435 Å, 1.3450 Å), C-H (0.93 Å, 0.95 Å, 0.93 Å) and 

C=O (1.2244 Å, 1.2275 Å, 1.2251 Å). These experimental results are in a good agreement with 

the theoretical values computed from this work for the PAAPFBA chalcone.  

The plane derivate by the 𝛼, 𝛽-unsaturated carbonyl group is the C19-C20-C22-C24 

angle, and then its value is 179.66871º (B3LYP), 179.58072º (mPW1PW91), and 179.26608º 

(M06-2X). Therefore, the molecule is not planar due to the torsion angle C4-C19-C20-C22 

(176.87920º for B3LYP, 176.55675 for mPW1PW91, and 172.20156º for M06-2X) differ from 

the angle present in the 𝛼, 𝛽-unsaturated carbonyl group mainly for the M06-2X method that 

showed the highest difference from the torsion angle (7.06452º), and it has the most deviation 

from the planarity. The plane distortion can also be illustrated by the angles C4-C5-C19-C20 

(9.90162º for B3LYP, 10.40151º for mPW1PW91, and 18.08884º for M06-2X) and C20-C22-

C24-C26 (0.03126º for B3LYP, 0.34113º for mPW1PW91, and 1.36783º for M06-2X). The 

M06-2X method predicted about 8.18722º more than B3LYP and 7.68733º more than 

mPW1PW91 method in the plane defined by the 4-acetamido-phenyl group and about 1.05523º 

more than B3LYP and 1.0267º more than mPW1PW91 method in-plane delimited by the 4-

fluoro-phenyl group.  
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The two phenyl rings have the value of the C-C bonds within the expected range of 1.33 

Å (double bond) to 1.54 Å (single bond) as is shown as following: C1-C2 (1.40524 Å for B3LYP, 

1.40108 Å for mPW1PW91, and 1.40189 Å for M06-2X); C1-C3 (1.38707 Å for B3LYP, 

1.38317 Å for mPW1PW91, and 1.38631 Å for M06-2X); C3-C4 (1.40323 Å for B3LYP, 

1.39835 Å for mPW1PW91, and 1.39655 Å for M06-2X); C4-C5 (1.40482 Å for B3LYP, 

1.39987 Å for mPW1PW91, and 1.39897 Å for M06-2X); C5-C6 (1.38583 Å for B3LYP, 

1.38190 Å for mPW1PW91, and 1.38346 Å for M06-2X), C6-C2 (1.40437 Å for B3LYP, 

1.40033 Å for mPW1PW91, and 1.40123 Å for M06-2X); C24-C26 (1.40835 Å for B3LYP, 

1.40342 Å for mPW1PW91, and 1.40238 Å for M06-2X); C24-C27 (1.40649 Å for B3LYP, 

1.40156 Å for mPW1PW91, and 1.40023 Å for M06-2X); C26-C28 (1.38785 Å for B3LYP, 

1.38366 Å for mPW1PW91, and 1.38567 Å for M06-2X); C27-C29 (1.39135 Å for B3LYP, 

1.38714 Å for mPW1PW91, and 1.38940 Å for M06-2X); C28-C30 (1.38911 Å for B3LYP, 

1.38592 Å for mPW1PW91, and 1.38655 Å for M06-2X), C29-C30 (1.38477 Å for B3LYP, 

1.38167 Å for mPW1PW91, and 1.38204 Å for M06-2X). These values of bonds length are in 

good agreement with the experimental data obtained from the work of Wu et al. [56], Cai et al. 

[57], and Prabuswamy et al. [58] with the chalcone derivates 1-Phenyl-3-(2,4,6-

trimethoxyphenyl)-prop-2-en-1-one [56], (E)-1-(4-Methoxyphenyl)-3-(2,4,6-

trimethoxyphenyl)-prop-2-en-1-one [57], and 1-(2-Fluorophenyl)-3-(2,4,6-trimethoxyphenyl)-

prop-2-en-1-one [58] respectively.  

The C30-F35 bond demonstrated to have about the same value even with the change of 

DFT method: 1.35827 Å (B3LYP), 1.34565 Å (mPW1PW91), and 1.34612 Å (M06-2X). In the 

Prabuswamy et al. [58] work for the chalcone 1-(2-Fluorophenyl)-3-(2,4,6-trimethoxyphenyl)-

prop-2-en-1-one, the experimental bond value of the Cring-F is about 1.3624 Å, which 

demonstrate agreement between these calculations and the experimental data.  The two 

carbonyl groups showed the bond angle C13-C12-N11 (114.82525º for B3LYP, 114.72895º for 

mPW1PW91, and 114.03896º for M06-2X) and C4-C19-C20 (118.88284º  for B3LYP, 

118.75276º for mPW1PW91, and 118.40760º for M06-2X) expected approximated values to 

this functional group due to the double bond between carbons and oxygen atoms. This 

comparison between theoretical bond lengths and experimental data show that the used DFT 

methods can describe the PAAPFBA molecule satisfactorily. The results displayed in this work 

also show an excellent agreement in respect to the recent DFT calculations using similar 

structures in the works of Ramesh et al. [17] with the chalcone 1-(3-Bromo-2-thienyl)-3-[4-

(dimethylamino)-phenyl]-prop-2-en-1-one at B3LYP/6-311++G(d,p), Thamarai et al. [18] with 

the chalcone (2E)-1-(3-bromo-2-thienyl)-3-(4-chlorophenyl)-prop-2-en-1-one at 
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B3LYP/B3PW91/M06-2X/6-311++G(d,p), Kaya et al. [23] with the chalcone (E)-1-(3-

hydroxyphenyl)-3-(2,4,6-trimethoxyphenyl)-prop-2-en-1-one at DFT/B3LYP/6-311++G(d,p) 

and Shukla et al. [24] with the chalcone 1-(4-chlorophenyl)-3-(5-methylfuran-2-yl)-prop-2-en-

1-one at DFT/B3LYP/6-311++G(d,p) level.  

The thermodynamic data were obtained from the DFT methods (B3LYP, mPW1PW91, 

and M06-2X) at 6-311++G(d,p) basis set (T = 298.15 K and P = 1 atm). The Electronic energies 

(𝐸0) of the most stable geometry in each method of PAAPFBA molecule are – 961.57631892 

Hartree (B3LYP), - 961.32942329 Hartree (mPW1PW91), and – 961.18171855 Hartree (M06-

2x). The zero-point vibrational energy ( 𝐸𝑍𝑃𝑉𝐸 ) calculated to the PAAPFBA molecule is 

169.41171 kcal.mol-1 (B3LYP), 171.01311 kcal.mol-1 (mPW1PW91), and 171.16780 kcal.mol-

1 (M06-2X). These values for the ZPVE are similar, in which the B3LYP method describes a 

slightly more stable molecule. The zero-point correction, the thermal correction to the internal 

energy, the thermal correction to the enthalpy and the thermal correction to the Gibbs Free 

Energy are respectively 0.269975, 0.288811, 0.289755, 0.219008 Hartree/particle (B3LYP); 

0.272527, 0.291261, 0.292205, 0.221810 Hartree/particle (mPW1PW91); 0.272773, 0.291615, 

0.292559, 0.221334 Hartree/particle (M06-2X). Therefore, it can be possible to compute the 

thermodynamic properties: the Internal Energy (U), the Enthalpy (H), the Entropy and the 

Gibbs Free Energy (G) are respectively - -961.287508, -961.286564, 0.000237480068, -

961.357311 Hartree (B3LYP); -961.038162, -961.037218, 0.0002362982456, -961.107613 

Hartree (mPW1PW91); -960.890103, -960.889159, 0.0002390845295, -960.960384 Hartree 

(M06-2X). The Heat Capacity (𝐶𝑣) at constant volume was also calculated and its values are 

70.602 cal.mol-1K-1 (B3LYP), 70.118 cal.mol-1K-1 (mPW1PW91), 70.185 cal.mol-1K-1 (M06-

2X). Finally, the rotation constants were calculated as 1.15767, 0.08097 and 0.07579 GHz 

(B3LYP); 1.17178, 0.08161 and 0.07642 GHz (mPW1PW91); 1.14841, 0.08182 and 0.07669 

GHz (M06-2X). Therefore, the three DFT methods can be used to characterize geometrically 

the PAAPFBA chalcone. 
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Fig. 1 – Optimized geometries of the PAAPFBA chalcone using (a) B3LYP, (b) mPW1PW91 

and (c) M06-2X at 6-311++G(d,p) levels of theory.  

 

4.2 Structural spectroscopic analysis 

The theoretical FT-IR vibrational spectra were obtained from the DFT methods 

(B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) computational level and they are shown in 
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Fig. S1 (supplementary material) together with the experimental FT-IR vibrational spectrum. 

The absence of negative frequencies shows that the simulated molecule is in a truly global 

minimum of energy for each functional. The PAAPFBA molecule is composed of 35 atoms 

which corresponds to a total of 99 fundamental vibrations modes (3N - 6). The theoretical 

results were scaled by 0.967 (B3LYP), 0.957 (mPW1PW91), and 0.955 (M06-2X). The 

Potential Energy Distributions (PED) were calculated and only the results with PED ≥ 10% 

were computed in the vibrational assignments. To compare the theoretical data with the 

experimental wavenumbers, the linear fitting (Fig. 2) was made and the values of the R-squared 

(R²) are respectively 0.99791 (B3LYP), 0.99779 (mPW1PW91), and 0.99835 (M06-2X) with 

the linear equation respectively y = 1.01316x – 8.24579 (B3LYP), y = 1.01385x – 6.6005 

(mPW1PW91), and y = 1.01408x – 10.97107 (M06-2X). The calculated vibrational frequencies 

are in excellent agreement with the experimental data and all the functionals used describe 

accurately the PAAPFBA molecule. In Fig. S1 (supplementary material), all the Infrared 

intensities for both theoretical and experimental were normalized assuming the most intense 

peak one and the others were determined from this. The following discussion was made using 

only the principal vibrational modes. To see more details about all the theoretical assignments 

of the vibrational modes, present in the PAAPFBA molecule, they were computed in Tables S1 

– S3 (supplementary material).  

The strong polar bond between the nitrogen and hydrogen (N11 – H10) atoms showed 

a theoretical vibrational stretching at 3609.18 cm-1 (B3LYP), 3651.90 cm-1 (mPW1PW91) and 

3634.42 cm-1 (M06-2X) against 3437.15 cm-1 from the experimental data with PED of 100% 

for each DFT method. There are differences of almost 200 cm-1 at the theoretical to the 

experimental data. Therefore, the scaling factor exhibits an important correction role: the 

calculated frequencies change to 3490.08 cm-1, 3494.87 cm-1 and 3470.87 cm-1 respectively 

with an appropriate scale factor to the DFT method. Another strong polar bond between the 

fluorine and carbon atoms (F35 – C30) showed IR frequencies at 1220.91 cm-1 (B3LPY), 771 

cm-1 (mPW1PW91) and 1276.98 cm-1 (M06-2X) with PED respectively 22%, 14% and 41%.  

The well-known carbonyl (𝐶 = 𝑂) stretching were assignment at 1711.73 cm-1 (O17 – 

C12)  and 1591.41 cm-1 (O21 – C19) for B3LYP, 1750.20 cm-1 (O17 – C12)  and 1723.61 cm-

1 (O21 – C19)  for mPW1PW91, and 1776.21 cm-1 (O17 – C12) and 1756.69 cm-1 (O21 – C19) 

for M06-2X with PED respectively 73%, 41%, 76%, 44%, 78% and 60%. These results show 

the reason why this band is so important to characterize the carbonyl compounds since the 

stretching mode is responsible for most of the potential vibrational energy.  

The two N11 – C12 and N11 – C2 bonds showed modes at 966 cm-1 (20%) and 1276.93 
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cm-1 (25%) for B3LYP, 1259.17 cm-1 (23%) and 1294.63 cm-1 (26%) for mPW1PW91, 1267.66 

cm-1 (22%) and 1286.67 cm-1 (15%) for M06-2X. The unique methyl group present in the 

PAAPFBA molecule showed characteristic C – H stretching at 3048.86 cm-1 (symmetrical, 28% 

for C13H14, 32% for C13H15 and 40% for C13H16), 3114.54 cm-1 (asymmetrical, 45% for 

C13H15 and 52% for C13H16) and 3131.75 cm-1 (asymmetrical, 70% for C13H14 and 23% 

for C13H15) for the B3LYP; at 3076.12 cm-1 (symmetrical, 29% for C13H14, 31% for C13H15 

and 39% for C13H16), 3153.41 cm-1 (asymmetrical, 42% for C13H15 and 54% for C13H16) 

and 3169.97 cm-1 (asymmetrical, 27% for C13H15 and 67% for C13H14) for the mPW1PW91; 

at 3080.75 cm-1 (symmetrical, 17% for C13H15. 29% for C13H14 and 54% for C13H16), 

3154.69 cm-1 (asymmetrical, 43% for C3H16 and 51% for C13H14) and 3193.18 cm-1 

(asymmetrical, 20% for C13H14 and 77% for C13H15) for the M06-2X.  

The symmetrical bending modes were assigned at 1397 cm-1 and 1481.08 cm-1 for 

B3LYP; at 1395.65 cm-1 and 1483.25 cm-1 for mPW1PW91; at 1401.35 cm-1 and 1483.18 cm-1 

for M06-2X. The asymmetrical bending modes were assigned at 1052.98 cm-1 (H15 and H16) 

and 1464.38 cm-1 (H15 and H16) for B3LYP; at 1051.85 cm-1 (H15 and H16) and 1462.59 cm-

1 (H15 and H16) for mPW1PW91; at 1464.10 cm-1 (scissoring H14 and H16 and twisting H15 

and H16) for M06-2X.  

The 𝜋-bond from the alkene C20=C22, the C – C and the two C – H stretching were 

calculated respectively as 1690.20 cm-1, 3218.56 cm-1 (H23), 3152.73 cm-1 (H25) for B3LYP; 

as 1723.61 cm-1, 3241.18 cm-1 (H23), 3177.42 cm-1 (H25) for mPW1PW91; as 1685.99 cm-1, 

3227.80 cm-1 (H23), 3179.41 cm-1 (H25) for M06-2X.  

The 4-fluoro-phenyl ring shows characteristics frequencies of C – H stretching for C27 

– H31 (3180.82 cm-1, 99%), C29 – H34 (3205.11 cm-1, 77%; 3205.97 cm-1, 15%), C28 – H33 

(3189.91 cm-1, 21%; 3201.19 cm-1, 10%; 3205.11cm-1, 12%; 3205.97 cm-1, 55%) and C26 – 

H32 (3190 cm-1, 73%; 3206 cm-1, 21%) for B3LYP; at C27 – H31 (3207.68 cm-1, 92%), C29 

– H34 (3233.59 cm-1, 60%; 3233.97 cm-1, 33%), C28 – H33 (3233.59 cm-1, 25%; 3233.97 cm-

1, 52%; 3216.33 cm-1, 18%) and C26 – H32 (3233.59 cm-1, 11%; 3216.33 cm-1, 77%) for 

mPW1PW91; at C27 – H31 (3211.52 cm-1, 93%), C29 – H34 (3237.73 cm-1, 91%), C28 – H33 

(3218.84 cm-1, 11%, 3237.01 cm-1, 80%) and C26 – H32 (3237.01 cm-1, 11%; 3237.01 cm-1, 

74%) for M06-2X.  

The C – C stretching were computed with higher value of PED at 1440.82 cm-1 (C26C28, 

18%), 1623.10 cm-1 (C30C29, 13%), 834.89 cm-1 (C28C30, 14%), 1122.21 cm-1 (C29C27, 17%) 

and 1623.10 cm-1 (C27C24, 22%) for B3LYP; at 1671.13 cm-1 (C26C28, 15%), 1644.57 cm-1 

(C30C29, 15%), 845.65 cm-1 (C28C30, 13%), 1455.76 cm-1 (C29C27, 21%) and 1652.69 cm-1 



 

40 

(C27C24, 21%) for mPW1PW91; at 1455.87 cm-1 (C26C28, 19%), 1657.40 cm-1 (C30C29, 

28%), 1317.45 cm-1 (C28C30, 19%), 1455.87 cm-1 (C29C27, 18%) and 1317.45 cm-1 (C27C24, 

14%) for M06-2X. The C26-C24 stretching did not show the value of PED higher than 10%, 

thus it was not computed. Finally, for the 4-acetamido-phenyl ring show C – H stretching at 

3247.14 cm-1 (H7, 99%), 3198.20 cm-1 (H8, 98%), 3201.19 cm-1 (H10, 45%) and 3172.21 cm-

1 (H9, 95%) for B3LYP; at 3269.90 cm-1 (H7, 98%), 3222.78 cm-1 (H8, 98%), 3227.04 cm-1 

(H10, 47%) and 3200.28 cm-1 (H9, 94%) for mPW1PW91; at 3282.60 cm-1 (H7, 99%), 3224.10 

cm-1 (H8, 99%), 3227.80 cm-1 (H10, 63%) and 3204.83 cm-1 (H9, 91%) for M06-2X. The C – 

C ring stretching were estimated as for the C1 – C3 bond at 1431.56 cm-1 (22%, B3LYP), 

1447.44 cm-1 (26%, mPW1PW91) and 1443.27 cm-1 (21%, M06-2X); for the  C6 – C5 bond 

at 1431.56 cm-1 (19%, B3LYP), 1447.44 cm-1 (22%, mPW1PW91) and 1443.27 cm-1 (17%, 

M06-2X); for the C2 – C6 bond at 1336.63 cm-1 (19%, B3LYP), 1294.63 cm-1 (15%, 

mPW1PW91) and 1645.82 cm-1 (24%, M06-2X); for the C4 – C3 bond at 1336.63 cm-1 (17%, 

B3LYP), 1057.63 cm-1 (17%, mPW1PW91) and 1341.36 cm-1 (16%, M06-2X); for the C5 – C4 

bond 1336.63 cm-1 (17%, B3LYP), 1663.72 cm-1 (12%, mPW1PW91) and 1667.56 cm-1 (11%, 

M06-2X). All the DFT methods can describe the vibrational spectrum of the PAAPFBA 

molecule appropriately, as it was shown by the linear fitting calculation and the theoretical 

assignments of fundamental modes. 
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Fig. 2 – The Linear correlation of the experimental wavenumbers and theoretical wavenumbers 

for the fundamental vibrational modes of the PAAPFBA molecule for the (a) B3LYP (b) 

mPW1PW91 and (c) M06-2X at 6-311++G(d,p) computational levels.  
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The 1H and 13C NMR chemical isotropic shifts analysis was carried out from the 

optimized molecular geometry in methanol with IEF-PCM model of the PAAPFBA using the 

DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) level of theory with GIAO 

method by using the same chemical environment as the geometrical optimization. The 

tetramethylsilane is the reference compound and it was optimized at the same level of theory 

as the PAAPFBA molecule followed by the NMR calculation. The mean value of the calculated 

isotropic shielding constants for the hydrogen (𝜎𝐻(𝑇𝑀𝑆)) and carbon (𝜎𝐶(𝑇𝑀𝑆)) atoms were 

respectively: 𝜎𝐻(𝑇𝑀𝑆) = 31.9640 ppm and  𝜎𝐶(𝑇𝑀𝑆)  = 184.6196 ppm (B3LYP); 𝜎𝐻(𝑇𝑀𝑆) = 

31.8849  ppm and  𝜎𝐶(𝑇𝑀𝑆)  = 189.1702 ppm (mPW1PW91); 𝜎𝐻(𝑇𝑀𝑆) = 32.0609 ppm 

and 𝜎𝐶(𝑇𝑀𝑆) = 189.6430 ppm (M06-2X). In Table S4 (supplementary material) is shown the 

values of the calculated isotropic shielding constants for the PAAPFBA molecule at DFT 

methods, the experimental 1H and 13C isotropic shifts from the Ferreira et al. [16] and the 

calculated isotropic magnetic shielding for the hydrogens (𝛿𝐻 ) and carbon (𝛿𝐶 ) atoms of 

PAAPFBA compound. The experimental and the theoretical 1H and 13C spectra are shown in 

Figs. S2 and S3 (supplementary material) respectively. These results show an excellent 

agreement with the experimental data; hence the linear fitting was made using the calculated 

isotropic magnetic shielding versus the experimental isotropic shifts (Fig. 3) and the values of 

the R-squared (R²) for the DFT methods are respectively 0.99865 (B3LYP), 0.99860 

(mPW1PW91) and 0.99844 (M06-2X) with the linear equation respectively y = 0.95561x + 

0.02651 (B3LYP), y = 0.96623 – 0.16585 (mPW1PW91), and y = 0.86899x – 0.11064 (M06-

2X). The B3LYP and the mPW1PW91 methods can describe the NMR spectra almost similarly 

and both are slightly better than the M06-2X method. However, all DFT methods can be used 

satisfactorily to describe the 1H and 13C NMR spectra. 
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Fig. 3 – Linear correlation with the experimental 1H and 13C isotropic shielding and the 

calculated isotropic magnetic shielding by (a) B3LYP (b) mPW1PW91 and (c) M06-2X at 6-

311++G(d,p) basis set.  
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4.3 Nonlinear Optics Analysis 

The research for high effectiveness nonlinear optical (NLO) materials has been 

increasing due to its technological applicability, and the chalcone derivates are excellent 

candidates due to its great optical transparency and elevated flexibility in the synthesis reactions. 

Therefore, the NLO calculations for the PAAPFBA molecule were carried out using the DFT 

methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) computational level employing the 

IEF-PCM model with methanol as implicit solvent. It is necessary to compare the results 

concerning to the reference substance with those calculated for the urea molecule, which is 

commonly used for this type of analysis [59 – 67]. Hence, the urea molecule was optimized, 

and its NLO properties were computed at the same level of theory as the PAAPFBA compound. 

The dipole moment (𝜇), the polarizabilities (𝛼) and the first order hyperpolarizabilities (𝛽) at 

the static state (𝜔 = 0) were calculated for each cartesian direction for urea and PAAPFBA 

molecules.  

The quantities used to determine the possible usefulness of the molecular candidate are 

shown in the following equations (9 – 12). The hyperpolarizability is a 3D matrix with 27 

elements (3 x 3 x 3), and this matrix can be reduced to only ten terms by the application of the 

Kleinman theorem [68, 69] in which considerer that the permutations assume the same values 

(𝛽𝑥𝑦𝑦 =  𝛽𝑦𝑥𝑦 =  𝛽𝑦𝑦𝑥 , … ). The value of 𝛽0 is often express in electrostatic units (1 a.u. = 

8.6393 x 10-33 esu). Thus, the results of dipole moment and polarizability are shown in Table 

S5, and the results of the hyperpolarizability are shown in Table S6 (supplementary material).  

𝜇𝑡𝑜𝑡 =  (𝜇𝑥
2 + 𝜇𝑦

2 + 𝜇𝑧
2)

1/2
 (9) 

𝛼𝑡𝑜𝑡 =  
1

3
(𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧) (10) 

Δ𝛼 =  
1

√2
[(𝛼𝑥𝑥 − 𝛼𝑦𝑦)2 +  (𝛼𝑦𝑦 − 𝛼𝑧𝑧)2 + (𝛼𝑧𝑧 − 𝛼𝑥𝑥)2 + 6𝛼𝑥𝑧

2 + 6𝛼𝑥𝑦
2 + 6𝛼𝑦𝑧

2 ]
1/2

 (11) 

𝛽0 = [(𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧)2 + (𝛽𝑦𝑦𝑦 + 𝛽𝑦𝑧𝑧 + 𝛽𝑦𝑥𝑥)2 + (𝛽𝑧𝑧𝑧 + 𝛽𝑧𝑥𝑥 + 𝛽𝑧𝑦𝑦)2]
1/2

 (12) 

  

It can be observed that the PAAPFBA molecule has the 𝜇𝑡𝑜𝑡, 𝛼𝑡𝑜𝑡, Δ𝛼, 𝛽0 respectively 

1.399972, 8.27574, 20.54705 and 119.2839 (B3LYP), 1.398378, 8.291795, 20.11854 and 

138.8324 (mPW1pw91), 1.375916, 7.880764, 16.77039 and 163.4927 (M06-2X) times greater 

than the same quantities of urea. Therefore, the chalcone PAAPFBA has a good NLO character 

and it may be used as a nonlinear optical material.  

The NLO properties were also computed using the short (CAM-B3LYP) and long (LC-

BLYP and ωB97XD) range separated hybrid methods. The results for the calculated NLO 
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parameters are shown in Table S8 and S9. The total dipole moment ( 𝜇𝑡𝑜𝑡 ), the total 

polarizability (𝛼𝑡𝑜𝑡), and the parameters ∆α and 𝛽0 have the values respectively 8.61189 Debye 

(CAM-B3LYP), 8.65791 Debye (LC-BLYP), and 8.54546 Debye (ωB97XD); 318.5333 a.u. 

(CAM-B3LYP), 298.5077 a.u. (LC-BLYP), and 317.9587 a.u. (ωB97XD); 309.5469 a.u. 

(CAM-B3LYP), 270.7678 a.u. (LC-BLYP), and 305.4882 a.u. (ωB97XD); 343.5688.10-31 esu 

(CAM-B3LYP), 268.0074.10-31 esu (LC-BLYP), and 329.8977.10-31 esu (ωB97XD). These 

parameters show that the PAAPFBA chalcone has a good NLO character. In Table S10 are 

shown the ratios for each NLO properties between the B3LYP/mPW1PW91/M06-2X methods 

and the short/long range separated methods (CAM-B3LYP/LC-BLYP/ωB97XD).  

For the total dipole moment, the total polarizability and for the parameter ∆α, the values 

between the DFT methods are in good agreement. However, for the parameter β0 only the M06-

2X method shows a good agreement to the short/long range separated methods. Therefore, the 

PAAPFBA chalcone has a good NLO character as can be seen in the results from the comparison 

with the urea molecule and the (CAM-B3LYP/LC-BLYP/ωB97XD) methods. All the three DFT 

methods (B3LYP/mPW1PW91/M06-2X) can be used to describe appropriately the total dipole 

moment, total polarizability, and the parameter ∆α, however only the M06-2X method 

described the parameter β0 with a good relation to the standard methods in the literature.  

 

4.4 Quantum molecular properties analysis 

The Highest Occupied Molecular Orbital (HOMO) and the Lowest Occupied Molecular 

Orbital (LUMO) usually denominated Frontier Molecular Orbitals (FMO) play a very important 

role in describing the electronic properties of the organic compounds, and it was recognized 

firstly by Fukui [70] and explained from the DFT later [71]. The HOMO is related to the feature 

of nucleophilicity, and the LUMO is associated with the electrophilicity. The less negative is 

the value of the HOMO energy greater is the propensity of the molecule behave like a 

nucleophilic or donate electronic density, and the more negative is the LUMO energy greater is 

the tendency of the molecule to accept electronic density or behave like an electrophilic. In Fig. 

4 is shown the FMOs calculated by the DFT methods (B3LYP/mPW1PW91/M06-2x) at 6-

311G++(d,p) computational level rendered by the ChemCraft trial version software [72], and 

they are very identical with only a few differences in the mathematical signal of the 

wavefunction, which does not affect the probabilistic interpretation.  

The HOMO is mainly spread over the 𝜋 -bonds present in both phenyl rings, the 

C20=C22 bond, the dislocated electrons displayed over the amide group (O17-C12-N11) and 
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the fluorine (F35) atom due to its higher value of electronegativity. The LUMO is principally 

spread over the antibonding position of the 𝜋-bonds at the same set of atoms as mentioned 

before. Therefore, it can be concluded that the transition HOMO-LUMO occurs between the 

bonding molecular orbital to anti-bonding molecular orbital (𝜋 →  𝜋∗). The calculated HOMO 

energy varies according to the DFT method used: the B3LYP predicted the lowest value for the 

HOMO energy of -6.58330 eV and the M06-2x method predicted the highest value for the 

HOMO energy of -7.85 eV. The mPW1PW91 method estimated value in between of those two 

(-6.81297 eV), however, the value is closer to the B3LYP (-6.81297 eV) with a difference of 

0.22967 eV. The method dependence was also noticed with the values of the LUMO energies: 

the tendency was the same as before, the B3LYP method predicted the lowest value of the 

LUMO energy (-2.68007 eV), the M06-2X method the highest value for the energy (-1.73556 

eV), and the mPW1PW91 (-2.53367 eV) closer than B3LYP with the difference of 0.1464 eV. 

Despite the FMO to indicate the possible chemical behavior (nucleophilic or electrophilic), the 

Energy Gap (∆𝐸𝐺𝑎𝑝) defined by the difference between the LUMO and the HOMO energies is 

more used. The lowest is the value of the energy gap, the greatest is the 

nucleophilic/electrophilic character of the molecule. This fact is supported by an important 

theory: Pearson’s Hard Soft Acids Bases Theory (HSAB) [73]. The calculated Energy Gap was 

ranked with method dependence: 6.114447 eV (M06-2x) < 4.279296 eV (mPW1PW91) < 

3.903232 eV (B3LYP). 
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Fig. 4 – Calculated Frontier Molecular Orbitals (FMO) for the PAAPFBA chalcone using the 

B3LYP/mPW1PW91/M06-2X with 6-311++G(d,p) basis set.  

 

To study more detail the molecular electronic properties, it is used the quantum chemical 

descriptors, and they are computed from the values of the HOMO and LUMO (Table S11 - 

supplementary material). 

The Ionization Potential (I) and the Electrons Affinity (A) can be determinate from the 

Koopmans’ theorem [74] as describe below by the equations (13) and (14) respectively.  

 

𝐼 =  −𝐸𝐻𝑂𝑀𝑂 (13) 

 

𝐴 =  −𝐸𝐿𝑈𝑀𝑂 (14) 

 

According to the results, the B3LYP method shows the lowest ionization potential (I = 

6.583302 eV) and the highest electron affinity (A = 2.68007 eV). The M06-2x method predicts 

a higher ionization potential (I = 7.85 eV) and lower electron affinity (A = 1.735556 eV). These 

descriptors mean that the valence electronic density is accessible to be donated, and if the 

molecule receives electronic density, it will be favorable to the PAAPFBA to accommodate the 

extra negative charge. 
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The electronegativity ( 𝜒 ) can be expressed mathematically as the negative of the 

derivative of the energy in respect to the number of electrons at constant external potential 

(equation 15) [75]. The electronic chemical potential (𝜇) is the negative of the electronegativity 

[76]. According to the work of Iczkowski and Margrave [77], both descriptors can be expressed 

in function of the FMO energies (equation 16).  

 

𝜒 =  (
𝜕𝐸

𝜕𝑁
)

𝜐
=  −𝜇 

 

(15) 

 

𝜒 =  −𝜇 =  
𝐼 + 𝐴

2
=  − (

𝐸𝐻𝑂𝑀𝑂 +  𝐸𝐿𝑈𝑀𝑂

2
) 

 

(16) 

 

The natural flow of the electronic density is from the regions with low electronegativity 

to the region with high electronegativity, thus the B3LYP method shows the lower value of 

electronegativity (𝜒 = 2.68007 eV) and the highest value of chemical potential (𝜇 = - 2.68007 

eV). The M06-2X method predicted the higher value of the electronegativity (𝜒 = 4.792779 

eV) and the lowest value of the electronic potential (𝜇 = - 4.792779 eV). The mPW1PW91 

method predicted a value in between of the other methods: 𝜒  = 4.67332 eV and 𝜇  = - 

4.67332eV. 

The global hardness (𝜂) is defined as the second-order derivative of the energy in respect 

do the number of electrons at constant external potential [78]. This descriptor can be expressed 

in terms of the FMO energies as seen in equation 17 [79, 80]. 

 

𝜂 =  
𝐼 − 𝐴

2
=  

𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂

2
 

 

(17) 

 

According to the Maximum Hardness Principle [81], the natural arrangement of the 

molecule is toward the highest value of the hardness. The higher the value of the global hardness 

the lower is the nucleophilic/electrophilic behavior due to the larger energy gap [82]. The global 

hardness was computed as 1.951616 eV (B3LYP), 2.139648 eV (mPW1PW91), and 3.057223 

eV (M06-2X). This order is the same as the increase of the energy gap. The global softness (S) 

is defined as the inverse of the global hardness (equation 17) [78]. The B3LYP method computes 

the highest value of the global softness (0.512396 eV-1) as expected from the lowest value of 
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global hardness, followed by the mPW1PW91 (0.467367 eV-1) and the M06-2X (0.327094 eV-

1).  

The global electrophilicity index (𝜔) [83] and the global nucleophilicity index (𝜀) [84] 

can be seen it mathematical expression in equations 18 and 19, respectively. These descriptors 

are related to the electrophilic and nucleophilic character of the molecule, respectively. Thus, a 

good nucleophilic is described by lower values of the 𝜔  and higher values of 𝜀 , and 

consequently, a good electrophilic is described by higher values of 𝜔 and lower values of 𝜀. 

Unlike the previous results, the M06-2X method predicts the electrophilic and nucleophilic 

characters for the PAAPFBA molecule with the lower value of 𝜔 (3.756797 eV) and the higher 

value of 𝜀 (0.266184 eV-1) against 5.496091 eV and 0.181947 eV-1 from B3LYP and 5.103625 

eV and 0.195939 eV-1 from mPW1PW91 method. 

𝜔 =  
𝜒2

2𝜂
 

 

(18) 

 

𝜀 =  
1

𝜔
 

 

(19) 

 

To complete the global analysis of the quantum molecular descriptors, it may be 

necessary to use the electric dipole polarizability (𝛼𝑡𝑜𝑡 ) calculated at the nonlinear optical 

properties. The mathematical expression is the same as seen in equation 10. The hardness is a 

measure of chemical stability and the polarizability is a measure of chemical reactivity [85]. 

The Minimum Polarizability Principle [86] states that a chemical species will react until the 

state of minimum polarizability which means higher the value of 𝛼𝑡𝑜𝑡 higher is the molecular 

reactivity. Thus, according to this descriptor, the predicted for the polarizability is 308.5923 a.u. 

(M06-2X), 330.815 a.u. (mPW1PW91), and 341.5867 a.u. (B3LYP). Therefore, the three DFT 

methods (B3LYP/mPW1PW91/M06-2X) can be used to describe the electronic distribution of 

the FMO for the PAAPFBA chalcone and all the quantum molecular descriptors can be used to 

describe appropriately the nucleophilic/electrophilic behavior of the title chalcone.  

 

4.6 Electronic Fukui Functions and local reactivity descriptors 

It is important to understand how each atom may act to contribute to describing the 

entire chemical behavior of the molecular species. Along with the global quantum molecular 

descriptors and the local analysis, it is possible to provide a unified treatment of the selectivity 

and the reactivity for the compounds. The Electronic Fukui Functions can characterize the 
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nucleophilic, the electrophilic, and the radical regions of the molecule. The electronic Fukui 

function (𝑓) is expressed by the derivate of the electronic density (𝜌) for the number of electrons 

at constant external potential (equation 20). The reactivity sites can be approximated by the 

electronic density of the FMO as shown in equations 21 – 23.  

 

𝑓 =  (
𝜕𝜌(𝑟)

𝜕𝑁
)

𝑣(𝑟)

  

 

(20) 

𝑓+ ≈  𝜐𝐿𝑈𝑀𝑂 

 
(21) 

𝑓− ≈  𝜐𝐻𝑂𝑀𝑂 

 
(22) 

𝑓𝑜 ≈
1

2
 ( 𝜐𝐿𝑈𝑀𝑂 +   𝜐𝐻𝑂𝑀𝑂) (23) 

 

The 𝑓+  is related to the molecule acting as an electrophilic (susceptible to a 

nucleophilic attack), the 𝑓−  is the molecule acting like a nucleophilic (susceptible to an 

electrophilic attack) and the 𝑓0  describe the propensity to a radical attack. They were 

calculated using the Multiwfn software [87] and rendered by the VESTA software [88]. The 

calculated isosurface of the Electronic Fukui functions for each DFT method are shown in Fig. 

5. The green and the blue isosurface corresponds respectively to the positive and the negative 

region of the Fukui function. The 𝑓+ function appears remarkably similar in the different DFT 

methods. The atoms C19, O21, and C22 are more susceptible to a nucleophilic attack (the 

molecule acts as an electrophilic) due to the empty 𝜋∗ antibonding, these atoms show a strong 

positive region for the 𝑓+. Other atoms like C2, C3, C5, C26, C27, and C30 are also susceptible 

to a nucleophilic attack, but the positive regions are smaller than the C19, O21, and C22. For 

the 𝑓−, the B3LYP and the mPW1PW91 predicted functions are analogous with the atoms C1, 

C2, C3, C4, C5, C6, N11, C12, O17, C20, C22, C24, C26, C27, C28, C29 and C30 are 

susceptible to an electrophilic attack (the molecule acts as a nucleophilic) due to the large 

positive regions of the 𝑓−  and in these atoms are mainly spread the 𝜋  bonding molecular 

orbitals that can be used to donate electronic density. However, the M06-2X method only 

predicts that the atoms C1, C2, C3, C4, C5, C6, N11, C12, O17, and O21 are susceptible to an 

electrophilic attack. For the 𝑓𝑜, the B3LYP and mPW1PW91 functions are almost the same 

again. The atoms C1, C2, C3, C4, C5, C6, N11, C12, O17, C19, C20, O21, C22, C26, C27, and 

C30 are more susceptible to a radical attack due to the greater positive regions of the 𝑓𝑜 . 

Besides, the M06-2X predicts only the atoms C1, C2, C3, C4, C5, C6, N11, C12, O17, C19 and 
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O21 susceptible to a radical attack.  

 

 

Fig. 5 – Calculated isosurfaces for the Electronic Fukui functions using the electronic density 

and computed by the DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) basis 

set. 

 

The Fukui Functions can be approximated for each atom using an atomic population 

charge analysis and they are called Condensed Fukui Functions. In this work, it was used the 

Hirshfeld population analysis and the mathematical equations 24 - 26 are shown as follows.  

 

𝑓𝑘
+ =  𝑞𝑘(𝑁 + 1) −  𝑞𝑘(𝑁) (24) 

 

𝑓𝑘
− =  𝑞𝑘(𝑁) − 𝑞𝑘(𝑁 − 1) (25) 

 

𝑓𝑘
𝑜 =  

𝑞𝑘(𝑁 + 1) −  𝑞𝑘(𝑁 − 1)

2
 

(26) 

 

The 𝑞𝑘(𝑁 + 1), 𝑞𝑘(𝑁) and 𝑞𝑘(𝑁 − 1) are respectively the atomic Hirshfeld charge 

on the atom k in the anionic, neutral and cationic species. According to the results, the atoms 

more susceptible to a nucleophilic attack are C1, C2, C4, C5, C6, N11, C12, C13, O17, C20, 

C24, C28, C29, C30, and F35 (B3LYP); C1, C2, C4, C5, C6, N11, C12, C13, O17, C24, C29, 

and F35 (mPW1PW91); C1, C2, C3, C4, C5, C6, N11, C12, C13, and O17 (M06-2X). The 

following atoms are more susceptible to an electrophilic attack: C3, C19, O21, C22, C26, and 

C27 (B3LYP); C3, C19, C20, O21, C22, C26, C27, C28, and C30 (mPW1PW91); C19, C20, 
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O21, C22, C24, C26, C27, C28, C29, C30, and F35 (M06-2X). For the M06-2X method, the 

atomic susceptibility for the electrophilic attack is the inverse when comparing to the analysis 

of the Electronic Fukui function. For a radical attack the most susceptible atoms are as follows: 

C12, C13, C24, C28, C29 and F35 (B3LYP); C12, C13, C24, C28, C29 and F35 (mPW1PW91); 

C12, C13, C24, C26, C27, C28, C29, C30 and F35 (M06-2X) (Table S12 - supplementary 

material). The Condensed Fukui functions computed from the Hirshfeld charge population are 

in good agreement with those Fukui functions calculated from the electronic density only for 

the B3LYP and mPW1PW91 methods. 

Together with the global descriptors like hardness, softness and electrophilicity index, 

it can be generated a set of new local descriptors like local hardness (𝜂𝑘), local softness (𝑠𝑘) 

and the philicity index (𝜔𝑘) to understand the reactivity in each atom. The equations 27 – 29 

illustrates the relations of global descriptors and the Condensed Fukui functions.  

 

𝜂𝑘
𝛾

=  𝜂𝑓𝑘
𝛾
 

 
(27) 

𝑠𝑘
𝛾

=  𝑠𝑓𝑘
𝛾
 

 
(28) 

𝜔𝑘
𝛾

=  𝜔𝑓𝑘
𝛾
 

 
(29) 

Where 𝛾 = +, - and º refer respectively to the nucleophilic, electrophilic and radical 

attack, the indices k refers to the atoms, and 𝜂, 𝑠, 𝜔 refers to the global hardness, softness and 

electrophilicity index respectively. The local hardness and softness are the measure of the 

mainly contribution to the global hardness and softness during a chemical reaction (nucleophilic, 

electrophilic or radical attack). The philicity index is the measure of the propensity of an atomic 

site to favor a nucleophilic, electrophilic or radical site, thus the higher the value of 𝜔𝑘
+, the 

atomic site is most favorable to a nucleophilic attack, and the higher is the value of 𝜔𝑘
−, the 

atomic site is most favorable to an electrophilic attack. Consequently, the higher the value of 

the 𝜔𝑘
𝑜, the atomic site is favorable to a radical attack. For the B3LYP method (Table S13 - 

supplementary material), the atoms that manly contribute to the global hardness are C1, C4, 

N11, C12, C13, and O17 (nucleophilic attack); C13 and C19 (electrophilic attack); C12 (radical 

attack). The atoms that contribute mainly to the global softness are C1, C2, C3, C4, C5, C6, 

N11, C12, C13, O17, C24, C26, C27, C28, C29, and F35 (nucleophilic attack); C3, C5, C12, 

C13, C19, O21, C24, C26, C27, C28, C29, and F35 (electrophilic attack); C1, C3, C5, C6, N11, 

C12, C13, O17, C24, C26, C27, C28, C29, and F35 (radical attack). The favorable atomic sites 
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for the nucleophilic attack are C1, C2, C4, C5, C6, N11, C12, C13, O17, C24, C27, C28, C29, 

and F35; for the electrophilic attack are C3, C5, C12, C13, C19, O21, C26, C27, C28, C29, and 

F35; for the radical attack are C1, C3, C5, C6, N11, C12, C13, O17, C24, C26, C27, C28, C29, 

and F35.  

For the mPW1PW91 method, the atoms that contribute mainly to the global hardness 

are C1, C4, C6, N11, C12, C13, O17, C24, C28, C29, and F35 (nucleophilic attack); C13, C19, 

C28, and C29 (electrophilic attack); C12, C28, and C29 (radical attack). The atoms that 

contribute mainly to the global softness are C1, C3, C4, C6, N11, C12, C13, O17, and C24 

(nucleophilic attack); C13 and C19 (electrophilic attack); C12 and C13 (radical attack).  The 

favorable nucleophilic attack (electrophilic site) is C4, N11, C12, C13, and O17. The favorable 

electrophilic attack (nucleophilic site) is C19, and the favorable radical attack is C13 (Table 

S14-supplementary material).  

For the M06-2X method, the set of atoms that contribute principally to the global 

hardness are C4, N11, C12, C13, and O17 (nucleophilic attack); C13, C26, C27, C28, C29, C30 

and F35 (electrophilic attack); C13, C28, C29, and F35. The global softness is described mainly 

by C1, C4, N11, C12, C13, O17 (nucleophilic attack); C13, C20 C24, C26, C27, C28, C29, 

C30, and F35 (electrophilic attack); C13, C28, C29, and F35 (radical attack). The suitable sites 

for nucleophilic attack are C4, N11, C12, C13, and O17; for the electrophilic attack are C13, 

C19, C24, C24, C26, C27, C28, C29, C30, and F35; for the radical attack are C13, C24, C28, 

C29, and F35 (Table S15-supplementary material).  

Finally, the Condensed Fukui functions can be used also to study the local reactivity and 

they are called the dual (Δ𝑓) [89] and the multiphilic (Δ𝜔) [90] descriptors. If both Δ𝑓 and Δ𝜔 

are positive, the reactive site has an electrophilic character. If both Δ𝑓 and Δ𝜔 are negative, 

the site has a nucleophilic character.  

 

Δ𝑓 =  𝑓𝑘
+ − 𝑓𝑘

− (30) 

 

Δ𝜔 =  𝜔Δ𝑓 (31) 

 

The electrophilic sites of the molecule according to this analysis are C1, C2, C4, C5, C6, 

N11, C12, C13, O17, C20, C24, C28, C29, and F35 (B3LYP); C1, C2, C4, C5, C6, N11, C12, 

C13, O17, C24, and F35 (mPW1PW91); C1, C2, C3, C4, C5, C6, N11, C12, C13, and O17 

(M06-2X). The nucleophilic sites are in atoms C3, C19, O21, C22, C26, and C27 (B3LYP); C3, 



 

54 

C19, C20, O21, C22, C26, C27, C28, and C30 (mPW1PW91); C19, C20, O21, C22, C24, C26, 

C27, C28, C29, C30, and F35 (M06-2X) (Table S16 - supplementary material). This result is in 

good agreement with the Fukui functions and the Condensed Fukui functions calculated 

previously.   

 

4.7 Molecular Electrostatic Potential (MEP) 

The Molecular Electrostatic Potential (MEP) was calculated with the DFT methods 

(B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) level of theory. This analysis has great 

importance concerning the nucleophilic and electrophilic reactive sites of the molecule. The 

MEP is colored from red to blue. The red color represents a negatively charged region and the 

blue color describes a positively charged region. The green color represents a neutral region, 

the yellow-orange color characterizes a partially negative charged region, and the light blue 

color is related to the partially positive charged region. The electrophilic interaction will occur 

with the red-colored regions due to the negative charge and the nucleophilic interaction will 

occur with the blue colored region due to the positive charge. As can be seen in Fig. 6 all the 

three MEP computes from the DFT methods are very similar: the negative regions of PAAPFBA 

molecule are over the oxygen atoms (O17 and O21) and the fluorine atom F35. This fact is 

expected due to the higher values of electronegativity of these atoms; the orange-yellow color 

regions appear over the 𝜋-bonds due to the electronic density; the green color regions describe 

some carbon-carbon bonds due to equal value of the electronegativity and the methyl group 

(C13), and the blue color regions are the hydrogen atoms and they are responsible to the 

nucleophilic interaction due to the high electron deficiency. The Electronic Fukui functions 

analysis predicts that the oxygen atoms are suitable to electrophilic attack and the hydrogen 

atoms have isosurface with positive values of 𝑓−, thus this fact corroborates to these atoms are 

suitable to nucleophilic interaction.  

 

 

Fig. 6 – Calculated Molecular Electrostatic Potential (MEP) for the PAAPFBA chalcone. 
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4.8 Natural Bond Orbital (NBO) analysis 

The Natural Bond Orbital (NBO) analysis is widely used to understand how the bonding 

and antibonding molecular orbitals can stabilize the entire chemical structure. It can be used to 

compute the intramolecular and intermolecular interactions and the process of conjugative 

interaction of bonds (delocalization of electronic density) within the molecule. To calculate the 

stabilization energy (∆𝐸𝑖𝑗) from the donor-acceptor charge transfer process it is necessary to 

use the second-order Fock-matrix as seen in equation 32 [24,91,92]. 

 

∆𝐸𝑖𝑗 =  𝑞𝑖

𝐹(𝑖,𝑗)
2

𝜀𝑗 − 𝜀𝑖
 (32) 

 

Where the 𝑞𝑖  is the occupancy of the donor orbital, 𝜀𝑗  and 𝜀𝑖  are the off-diagonal 

elements of the Fock matrix and 𝐹(𝑖,𝑗)
2   is the diagonal. The higher is the value of the 

stabilization energy higher is the probability of the electron delocalization process. This process 

can occur between the bonding molecular orbitals and lone pairs (occupied Lewis-type NBO) 

and antibonding molecular orbitals and Rydberg orbitals (unoccupied non-Lewis NBO). The 

NBO analysis was carried out using the DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-

311++G(d,p) levels of theory. The PAAPFBA molecule showed hyperconjugation interactions 

of weak, moderate and strong intensity including 𝜎 →  𝜎∗, 𝜋 →  𝜋∗, 𝜋∗ →  𝜋∗, 𝐿𝑃 →  𝜎∗ and 

𝐿𝑃 →  𝜋∗ transitions. 

For the B3LYP method, it can be seen in Table S17 (supplementary material) the results 

of the perturbation theory energy analysis. The higher values of the stabilization energy were 

due to delocalization of the 𝜋∗(C2 – C6) → 𝜋∗(C1 – C3) and 𝜋∗(C19 – O21) → 𝜋∗(C4 – C5) 

transitions with 186.44 kcal.mol-1 and 196.44 kcal.mol-1 respectively. This result shows how 

strong is the interaction between the phenyl ring present in the 4-acetamido-phenyl group and 

the carbonyl (C19=O21) group and the stabilization of those carbons and oxygen atoms. Also, 

there is moderate stabilization in this ring due to the transitions 𝜋 →  𝜋∗ with values in the 

range of 15.38 kcal.mol-1 to 24.30 kcal.mol-1. There is a weak stabilization from the 𝜎(C4 – 

C19) to 𝜎∗(C1 – C3), 𝜎∗(C19 – C20) and 𝜎∗(C19 – O21) with the value of 2.22 kcal.mol-1, 

0.86 kcal.mol-1 and 1.19 kcal.mol-1 respectively. The moderate stabilization due to the 𝜋 →  𝜋∗ 

transition is also present in the phenyl ring of the 4-fluorine-phenyl group with values in the 

range of 17.33 kcal.mol-1 to 21.34 kcal.mol-1. The 𝜎(C30 – F35) → 𝜎∗(C28 – H33) transition 

is responsible for a weak stabilization of 1.58 kcal.mol-1. The bond 𝜎(N11 – H18) can donate 
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weakly electronic density to the 𝜎∗ (C1 – C2) and 𝜎∗ (C12 – O17) with the energy of 4.16 

kcal.mol-1 and 4.59 kcal.mol-1 respectively. The lone pair (LP) of the nitrogen atom (N11) is 

responsible to stabilize the carbonyl (C12=O17) group about 59.71 kcal.mol-1. The lone pairs 

of the two oxygen atoms can stabilize antibonding molecular orbital as follows: LP(O17) →

 𝜎∗ (N11 – C12) with 24.48 kcal.mol-1l, LP(O17) →  𝜎∗ (C12 – C13) with 17.49 kcal.mol-1, 

LP(O21) →  𝜎∗(C4 – C19) with 18.09 kcal.mol-1, and LP(O21) →  𝜎∗(C19 – C20) with 18.19 

kcal.mol-1. The 𝜋-bond between C20 and C22 can transfer charge moderately to the 𝜋∗(C19 – 

O21) and 𝜋∗(C24 – C27) with 21.72 kcal.mol-1and 11.55 kcal.mol-1respectively. The 𝜋∗(C20 

– C22) bond is stabilized by the donation of the 𝜋∗(C19 – O21) and 𝜋∗(C24 – C27) with the 

energy of 52.58 kcal.mol-1 and 88.45 kcal.mol-1 respectively. The electronic density of the σ-

bonds of C20 – H23 and C22 – H25 have weakly spread over 𝜎∗ molecular orbitals. Finally, 

the methyl group is responsible for a weak stabilization due to the hyperconjugation 𝜎 →  𝜎∗ 

which the higher value for the energy is only 5.07 kcal.mol-1 for the transition 𝜎(C13 – H16) 

→  𝜎∗(C12 – O17) (Table S17 - supplementary material).  

For the mPW1PW91 method, the higher value of the stabilization energy is 193.42 

kcal.mol-1 for the transition 𝜋∗(C2 – C6) → 𝜋∗(C1 – C3). This value differs from the B3LYP 

method of about 3.02 kcal.mol-1. Nevertheless, this result shows how strong is the 

delocalization of the electronic density in the phenyl ring. According to Table S18 

(supplementary material),, the values of the stabilization energy for the 𝜋 →  𝜋∗ transitions are 

in the range 16.43 kcal.mol-1 for 𝜋(C2 – C6) → 𝜋∗(C1 – C3) to 26.43 kcal.mol-1 for 𝜋(C2 – 

C6) → 𝜋∗(C4 – C5). The weak stabilization energies due to the 𝜎(C4 – C19) are 2.29 kcal.mol-

1 (𝜎∗ C1 – C3), 2.30 kcal.mol-1 (𝜎∗ C3 – C4) and 2.45 kcal.mol-1 (𝜎∗ C4 – C5). The phenyl 

ring of the 4-fluorine-phenyl group shows a moderate stabilization from 18.42 kcal.mol-1 (𝜋 

C29 – C30 → 𝜋∗ C26 – C28) to 23.42 kcal.mol-1 (𝜋 C29 – C30 → 𝜋∗ C24 – C27). The 𝜎-

bond between the carbon C30 and fluorine F35 shows a value of 1.66 kcal.mol-1 to donate 

electronic density to the 𝜎∗(C28 – H33). The 𝜎 (N11 – H18) bond donate its electronic density 

to 𝜎∗(C1 – C2) and 𝜎∗(C12 – O17) with the energy of 4.30 kcal.mol-1 and 4.72 kcal.mol-1 

respectively. The lone pairs from the nitrogen and oxygen atoms participate to the following 

charge transfer process: LP(N11) → 𝜋∗(C12 – O17), LP(O17) → 𝜎∗(N11 – C12), LP(O17) → 

𝜎∗(C12 – C13), LP(O21) → 𝜎∗(C4 – C19), and LP(O21) → 𝜎∗(C19 – C20) which the energy 

values are respectively 62.85 kcal.mol-1, 25.67 kcal.mol-1, 18.43 kcal.mol-1, 19.08 kcal.mol-1 

and 19.25 kcal.mol-1. The 𝜋 (C20 – C22) can interact with the 𝜋∗ (C19 – O21) and 𝜋∗(C24 – 

C27) with stabilization energy of 22.87 kcal.mol-1 and 11.91 kcal.mol-1, thus the electronic 



 

57 

density of the 𝜋-bond can spread over the resonance effect that reduces the total energy of the 

molecule. The 𝜎 -bonds C20 – H23 and C22 – H25 can slightly stabilize respectively the 

𝜎∗(C22 – H25) and 𝜎∗(C20 – H23) with the energy of 4.47 kcal.mol-1 and 5.73 kcal.mol-1. Also, 

those bonds can interact with the 𝜎∗(C20 – C22) with the energy of 1.73 kcal.mol-1 and 1.36 

kcal.mol-1. The methyl group is responsible for a weak donation of charge to the carbonyl 

(C12=O17) group with the transitions 𝜎 (C13 – H14) → 𝜎∗ (C12 – O17) with 4.41 kcal.mol-

1 and 𝜎 (C13 – H16) → 𝜋∗ (C12 – O17) with 5.63 kcal.mol-1.  

For the M06-2X method (Table S19), the higher value of the stabilization energy is for 

the transition of the lone pair of the nitrogen atom (N11) to the 𝜋∗(C12 – O17) with the energy 

of 72.62 kcal.mol-1. This result shows a great difference from the other methods. The 

delocalization of the 𝜋 electrons occurs due to the 𝜋 →  𝜋∗ as follow: C1 – C2 → C3 – C4 

(35.76 kcal.mol-1); C1 – C2 →  C5 – C6 (23.11 kcal.mol-1); C3 – C4 →  C1 – C2 (25.01 

kcal.mol-1); C3 – C4 → C5 – C6 (31.44 kcal.mol-1); C3 – C4 →  C19 – O21 (21.79 kcal.mol-

1); C5 – C6 → C1 – C2 (30.08 kcal.mol-1); C5 – C6 → C3 – C4 (23.11 kcal.mol-1). There is a 

weak donation of electronic density through the 4-acetamido-phenyl ring from the 𝜎 (C4 – 

C19) to the 𝜎∗ (C1 – C3), 𝜎∗ (C3 – C4) and 𝜎∗ (C4 – C5) with stabilization energy of 2.43 

kcal.mol-1, 2.53 kcal.mol-1 and 2.58 kcal.mol-1 respectively. The 4-fluorine-phenyl ring shows a 

delocalization of the 𝜋 electronic density over the 𝜋∗ molecular orbitals of the carbon atoms 

of the ring and the C20=C22: C24 – C27 → C20 – C22 (19.37 kcal.mol-1); C24 – C27 → C26 

– C28 (29.02 kcal.mol-1); C26 – C28 → C24 – C27 (24.52 kcal.mol-1); C29 – C30 → C24 – 

C27 (31.26 kcal.mol-1); C29 – C30 →  C26 – C28 (24.32 kcal.mol-1). The lone pair of the 

nitrogen atom is responsible for the highest stabilization energy however, this non-bonding pair 

can also interact with the 𝜋∗(C1 – C2) with the energy of 44.16 kcal.mol-1. The lone pairs of 

the oxygen atom O17 donate negative charge to the 𝜎∗ N11 – C12 (29.71 kcal.mol-1) and 𝜎∗ 

C12 – C13 (20.82 kcal.mol-1). The lone pair of the O21 interact with the 𝜎∗ C4 – C19 (21.67 

kcal.mol-1) and 𝜎∗ C19 – C20 (22.19 kcal.mol-1). The 𝜋 C20 – C22 can stabilize the 𝜋∗ C19 

– O21 (24.28 kcal.mol-1) and 𝜋∗ C24 – C27 (12.19 kcal.mol-1). The 𝜎-bonds between the C20 

– H23 and C22 – H25 can spread the electronic density through hyperconjugation respectively 

with the 𝜎∗ C20 – C22 (2.14 kcal.mol-1); 𝜎∗ C22 – H25 (4.95 kcal.mol-1) and 𝜎∗ C20 – H23 

(6.27 kcal.mol-1); 𝜎∗ C24 – C26 (5.09 kcal.mol-1). The methyl group can donate electrons as 

the following transition: 𝜎 C13 – H14 → 𝜎∗ C12 – O17 (3.99 kcal.mol-1); 𝜎 C13 – H15 → 

𝜎∗ N11 – C12 (4.42 kcal.mol-1); 𝜎 C13 – H16 → 𝜎∗ C12 – O17 (7.59 kcal.mol-1) (Table S19 

-supplementary material). Despite the M06-2X did not predict any charge transfer process with 
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a large value of ∆𝐸𝑖𝑗, all the energies computed for this method are higher than for the others.  

All the results exhibit that the PAAPFBA molecule has delocalized electronic density 

which agrees with the NLO properties, the FMO spread over the entire molecule, and the 

difference of each atom behavior obtained in the Fukui functions analysis.   

 

4.9 Antioxidant activity 

The experimental data from the DPPH free radical scan reveal that the PAAPFBA 

chalcone exhibit a moderate antioxidant activity of 50.92% when compared to the (+) control 

of ascorbic acid. According to the results of the Fukui functions and the Condensed Fukui 

functions show that there are several atoms are susceptible to a radical attack. Based on these 

results and in the NBO analysis, to understand how the PAAPFBA molecule can behave as an 

antioxidant compound the atoms N11, C13, C20, and C22 were chosen to compute the 

parameters (equations 4 – 8) for each antioxidant mechanisms. The antioxidant mechanisms 

were calculated using the DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) 

levels of theory. Each enthalpy value was computed at T = 298.15 K and 1 atm of pressure. The 

results of the BDE, IP, PDE, PA and ETE parameters for the bonds N11 – H18, C13 – H, C20 

– H23 and C22 – H 25 are shown in Table 1.  

For the HAT mechanism, the lower value of the BDE (96.98 kcal mol-1 for the B3LYP, 

96.79 kcal.mol-1 for the mPW1PW91, and 96.63 kcal.mol-1 for the M06-2X) is for the radical 

attack on the carbon atom (C13) of the methyl group. These results agree with the Condensed 

Fukui functions, which predicts that the C13 is the most atom susceptible to a radical attack due 

to the highest value of the 𝑓0 for the three DFT methods. Also, it can be seen from the NBO 

analysis, the stabilization due to the σ-bonds from the methyl is very low when it is comparing 

to the delocalization of the other bonds, thus the methyl can be the best target for a radical to 

react. The carbon C20 shows the highest value of the BDE (105.97 kcal mol-1 for the B3LYP, 

105.82 kcal.mol-1 for the mPW1PW91, and 105.53 kcal.mol-1 for the M06-2X) due to the lack 

of the electronic delocalization process, the molecular geometry change when the bond C20 – 

H23 break, thus this radical is the less stable. The nitrogen N11 (BDE = 96.98 kcal.mol-1 for the 

B3LYP, 98.77 kcal.mol-1 for the mPW1PW91, and 99.99 kcal.mol-1 for the M06-2X) may 

present stabilization of the radical structure by the resonance effect, but it has BDE values 

higher than the BDE values for the methyl group because more atoms with high 

electronegativity (oxygen and nitrogen) will have electron deficiency. The carbon C22 (BDE = 

104.36 kcal.mol-1 for the B3LYP, 104.36 kcal.mol-1 for the mPW1PW91, and 105.13 kcal.mol-

1 for the M06-2X), although it can also stabilize the radical structure through the resonance 
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effect, this relocation would occur with the phenyl ring of the 4-fluorophenyl group, in this case, 

this ring has an electronic deficiency because it has a ligand with high electronegativity, the 

which hinders the resonant effect and the radical is not as stable, thus showing high BDE values.  

For the SET-PT mechanism, the first step is equal for the four bonds in each DFT method 

(IP = 125.589 kcal.mol-1 for the B3LYP, 126.958 kcal.mol-1 for the mPW1PW91, and 131.699 

kcal.mol-1 for the M06-2X) because it is the loss of the electron by the molecule. The second 

step is the loss of the proton 𝐻+ for each bond: The methyl group shows the lower value of the 

PDE in each method  (16.064 kcal.mol-1 for the B3LYP, 14.499 kcal.mol-1 for the mPW1PW91, 

and 9.605 kcal.mol-1 for the M06-2X) which agree with the HAT mechanism, but the PDE for 

the nitrogen N11 is very similar to the methyl (16.583 kcal.mol-1 for the B3LYP, 16.483 

kcal.mol-1 for the mPW1PW91, and 12.962 kcal.mol-1 for the M06-2X) since they have a 

similar effect of electronic delocalization when the radical is formed. Also, the bond N11 – H18 

is shorter than the C13 – H bond, thus more energy is needed to break the N – H bond which 

explains the slightly higher value of the PDE for the nitrogen. The carbons C20 and C22 show 

the PDE value of 25.050 kcal.mol-1 and 23.440 kcal.mol-1 for the B3LYP; 23.537 kcal.mol-1 

and 22.075 kcal.mol-1 for the mPW1PW91; and 18.498 kcal.mol-1 and 18.103 kcal.mol-1 for the 

M06-2X respectively. These values reflect in the formation of the radical: for the C20 it is not 

possible the stabilization due to the resonance effect, thus the radical for the C20 is less stable 

and it shows the highest total energy (IP + PDE) for the SET-PT mechanism (150.639 kcal.mol-

1 for the B3LYP, 150.495 kcal.mol-1 for the mPW1PW91, and 150.197 kcal.mol-1 for the M06-

2X) differing from the methyl of 8.986 kcal.mol-1, for the nitrogen of 8.467 kcal.mol-1 and the 

C22 atom of 1.610 kcal.mol-1 (B3LYP); for the methyl 9.038 kcal.mol-1, for the nitrogen of 

7.054 kcal.mol-1 and the C22 atom of 1.462 kcal.mol-1 (mPW1PW91); for the methyl 8.893 

kcal.mol-1, for the nitrogen of 5.536 kcal.mol-1 and the C22 atom of 0.395 kcal.mol-1 (M06-2X).  

For the SPLET mechanism, the nitrogen N11 exhibited the lower value of the PA 

(50.500 kcal.mol-1 for the B3LYP, 51.935 kcal.mol-1 for the mPW1PW91, and 49.074 kcal.mol-

1 for the M06-2X). For the four atoms chosen, the nitrogen can accommodate better the negative 

charge in the formation of the anion in the first step of this mechanism. When the carbanion is 

formed in the methyl group (PA = 66.148 kcal.mol-1 for the B3LYP, 67.629 kcal.mol-1 for the 

mPW1PW91, and 64.975 kcal.mol-1 for the M06-2X), this negative charge can be delocalized 

over the carbonyl group (C12=O17) with part of the extra charge spread over the oxygen atom. 

The carbon C20 (PA = 73.200 kcal.mol-1 for the B3LYP, 74.212 kcal.mol-1 for the mPW1PW91, 

and 70.301 kcal.mol-1 for the M06-2X) shows the PA value lower than the carbon C22 (PA = 

88.426 kcal.mol-1 for the B3LYP, 89.463 kcal.mol-1 for the mPW1PW91, and 84.546 kcal.mol-
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1 for the M06-2X) since in C20 the delocalization occurs with the carbonyl group (C19=O21) 

which spread the negative charge over the oxygen atom, but the C22 can spread the charge over 

carbons atoms present in the 4-fluorine-phenyl ring. However, the loss of the electron in the 

second step is more difficult to the nitrogen atom due to the higher stability of the anion 

structure which corresponds to the higher value of ETE (91.672 kcal.mol-1 for the B3LYP, 

91.507 kcal.mol-1 for the mPW1PW91, and 95.586 kcal.mol-1 for the M06-2X). The carbon 

C22 shows the lower value of ETE (60.603 kcal.mol-1 for the B3LYP, 59.571 kcal.mol-1 for the 

mPW1PW91, and 65.255 kcal.mol-1 for the M06-2X) due to the stabilization of the radical 

when compared with the anion. The carbon atoms C13 and C20 exhibited similar ETE values 

of 75.504 kcal.mol-1 and 77.439 kcal.mol-1 for the B3LYP, 73.828 kcal.mol-1 and 76.283 

kcal.mol-1 for the mPW1PW91, and 76.328 kcal.mol-1 and 79.896 kcal.mol-1 for the M06-2X 

respectively. The total energy change (PA + ETE) of the mechanism increases in the order C13 

< N11 < C22 < C20. This tendency is the same for all the three mechanisms and agreed with 

the previous results of the Fukui functions and NBO.  

The theoretical antioxidant activity analysis shows that the methyl group is the most 

susceptible to the radical attack due to the lower values of the enthalpies for each mechanism. 

The values of the global parameters (BDE; IP + PDE; PA + ETE) used in this discussion are 

higher than 80 kcal.mol-1, thus it is expected that the PAAPFBA molecule exhibits a moderate 

antioxidant activity. The most probable mechanism to explain the behavior of the title chalcone 

is the Hydrogen Atom Transfer (HAT) due to the lower values of the enthalpies. All three DFT 

methods used in this calculation present similar values of the thermodynamics parameters, 

therefore the antioxidant activity can be evaluated independently of the method chosen. 

 

Table 1 – Calculated enthalpy parameters: the Bond Dissociation Energy (BDE), the Ionization 

Potential (IP) and the Proton Dissociation Enthalpy (PDE), the Proton Affinity (PA), and the 

Electron Transfer Enthalpy (ETE) for the PAAPFBA chalcone using the 

B3LYP/mPW1PW91/M06-2X at 6-311++G(d,p) levels of theory.  

Bond 
BDE 

(kcal.mol-1) 

IP 

(kcal.mol-1) 

PDE 

(kcal.mol-1) 

PA 

(kcal.mol-1) 

ETE 

(kcal.mol-1) 

DFT 

Method 

N11 – H18 97.50 125.589 16.583 50.500 91.672 

B3LYP 
C20 – H23 105.97 125.589 25.050 73.200 77.439 

C22 – H25 104.36 125.589 23.440 88.426 60.603 

C13 – H 96.98 125.589 16.064 66.148 75.504 
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N11 – H18 98.77 126.958 16.483 51.935 91.507 

mPW1PW91 
C20 – H23 105.82 126.958 23.537 74.212 76.283 

C22 – H25 104.36 126.958 22.075 89.463 59.571 

C13 – H 96.79 126.958 14.499 67.629 73.828 

N11 – H18 99.99 131.699 12.962 49.074 95.586 

M06-2X 
C20 – H23 105.53 131.699 18.498 70.301 79.896 

C22 – H25 105.13 131.699 18.103 84.546 65.255 

C13 – H 96.63 131.699 9.605 64.975 76.328 

 

5 Conclusion  

The DFT methods were capable to achieve the global minimum of the energy for the 

PAAPFBA molecule. Also, they predicted that the molecule is not planar, in which the M06-

2X method showed the higher value of the distortion angle. According to the experimental 

results and the comparison with the results of other calculations, the PAAPFBA molecule was 

well-described by all DFT methods.  

The thermodynamics properties predicted were similar independent of the method used. 

Also, the infrared fundamental vibrational modes were in excellent agreement with the 

experimental data regardless of the method. This fact was observed by the R-squared (R²) which 

are respectively 0.99791 (B3LYP), 0.99779 (mPW1PW91), and 0.99835 (M06-2X). The 1H 

and 13C NMR also exhibited an excellent agreement with the experimental data with R-squared 

(R²) of 0.99865 (B3LYP), 0.99860 (mPW1PW91) and 0.99844 (M06-2X). The nonlinear 

optical properties predicted by the DFT methods show that the PAAPFBA molecule can be used 

as NLO material because of the higher values of the dipole moment, polarizability, and static 

first hyperpolarizability. Although the Frontier Molecular Orbital (FMO) analysis predicted a 

similar electronic density distribution of the HOMO and the LUMO among the methods, the 

quantum molecular descriptors show very different values when the method is shifted due to 

the change of the mathematical approximation within to the method itself. 

To understand how each atom behavior during a chemical reaction, the Electronic Fukui 

functions, the Condensed Fukui functions, the local descriptors, and the Natural Bond Orbitals 

(NBO) were calculated. The B3LYP and mPW1PW91 methods could describe the molecule 

very similarly, however, the M06-2X illustrates differences in the reactive sites (radical attack) 

and the electronic density was predicted to be more delocalized (higher value of the stabilization 

energy). According to those results, the antioxidant activity was carried out with the DFT 

methods to investigate the three mechanisms: HAT, SET-PT, and SLET. All the global 
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thermodynamic parameters computed (BDE, IP + PDE, PA + ETE) were higher than 80 

kcal.mol-1 for every method used, which explains the moderate experimental value of 50.92%. 

The mechanism thermodynamically favorable is the Hydrogen Atom Transfer (HAT) using each 

method. Therefore, all the DFT methods (B3LYP, mPW1PW91, and M06-2X) used in this word 

are in excellent agreement to a structural, electronic, nonlinear optical, and antioxidant activity 

characterization.  
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Supplementary Material 

 

 
Fig. S1 – Experimental and calculated Infrared Spectra of the PAAPFBA chalcone using the 

DFT methods: (a) B3LYP, (b) mPW1PW91 and (c) M06-2X at 6-311++G(d,p) basis set.  
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Fig. S2 – Experimental 1H and 13C spectra of the PAAPFBA chalcone.  
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Fig. S3 – Theoretical 1H and 13C NMR spectra of the PAAPFBA chalcone using the DFT 

methods: (a) B3LYP, (b) mPW1PW91 and (c) M06-2X at 6-311++G(d,p) basis set. 

 

 

Table S1 – Calculated, scaled and experimental wavenumbers for the Infrared spectra using the 

B3LYP/mPW1PW91/M06-2X at 6-311++G(d,p) basiss set.  

B3LYP mPW1PW91 M06-2X  

Calculated Scaled Calculated Scaled Calculated Scaled Experimental 

410.18 396.6441 413.41 395.6334 414.71 396.0481 412.76662 

523.71 506.4276 537.56 514.4449 538.27 514.0479 513.06506 

600.17 580.3644 605.87 579.8176 626.56 598.3648 597.93296 

649.77 628.3276 654.38 626.2417 647.7 618.5535 630.72283 

684.38 661.7955 695.27 665.3734 688.91 657.9091 677.01442 

761.21 736.0901 771.38 738.2107 769.88 735.2354 721.37718 

769.63 744.2322 775.86 742.498 773.41 738.6066 746.45179 
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846.13 818.2077 853.49 816.7899 857.57 818.9794 823.60443 

1024.8 990.9816 1025.5 981.4035 1031.86 985.4263 985.62498 

1044.1 1009.645 1057.63 1012.152 1060.55 1012.825 1033.84538 

1174.43 1135.674 1180.59 1129.825 1180.39 1127.272 1120.6421 

1198.23 1158.688 1204.1 1152.324 1230.85 1175.462 1168.8625 

1220.91 1180.62 1230.62 1177.703 1253.61 1197.198 1180.43539 

1242.27 1201.275 1250.31 1196.547 1276.98 1219.516 1224.79816 

1336.63 1292.521 1320.15 1263.384 1320.19 1260.781 1263.37448 

1369.68 1324.481 1385.47 1325.895 1373.76 1311.941 1319.31014 

1440.82 1393.273 1447.44 1385.2 1443.27 1378.323 1373.31699 

1464.38 1416.055 1462.59 1399.699 1464.1 1398.216 1409.9645 

1481.08 1432.204 1483.25 1419.47 1483.18 1416.437 1446.612 

1539.5 1488.697 1560.59 1493.485 1563.61 1493.248 1512.68112 

1591.41 1538.893 1628.25 1558.235 1645.82 1571.758 1539.19517 

1616.01 1562.682 1644.57 1573.853 1671.4 1596.187 1595.13083 

1711.73 1655.243 1750.2 1674.941 1776.21 1696.281 1654.92413 

3048.86 2948.248 3076.12 2943.847 3080.75 2942.116 2931.80032 

3172.21 3067.527 3200.28 3062.668 3211.52 3067.002 3066.81744 

3201.19 3095.551 3233.59 3094.546 3237.73 3092.032 3113.10902 

3205.97 3100.173 3233.97 3094.909 3244.58 3098.574 3192.19048 

3218.56 3112.348 3241.18 3101.809 3282.6 3134.883 3309.84826 

3609.18 3490.077 3651.9 3494.868 3634.42 3470.871 3437.15011 

 

Table S2 – Theoretical assignments for the fundamental vibrational modes of the PAAPFBA 

chalcone using B3LYP/6-311++G(d,p) level of theory.  

B3LYP 

Wavenumber (cm-1) IR intensity (a.u.) Vibrational Mode Assignment 

17.45 0.0406 ϕC22C20C19C4 (41) + ϕC27C24C22C20 (30) 

21.89 5.7283 ϕC20C19C4C3 (63) 

39.06 1.0267 δC22C20C19 (24) + δC24C22C20 (24) + δC20C19C4 (15) 

44.88 3.3198 ϕC12N11C2C6 (57) + ϕC27C24C22C20 (10) 

52.44 7.4709 

ϕC13C12N11C2 (32) + ϕH16C13C12N11 (13) + ϕH15C13C12N11 (12) + ϕC12N11C2C6 

(10) 
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67.01 2.2451 ϕC29C27C24C22 (17) + ϕC22C20C19C4 (11) 

74.39 3.1048 ϕC29C27C24C22 (23) + ϕC24C22C20C19 (18) 

102.46 1.2831 ϕC27C24C22C20 (19) + ϕC22C20C19C4 (14) 

119.69 1.0245 δN11C2C1 (22) + δC12N11C2 (20) + δC19C4C5 (11) 

157.10 3.1688 ϕC13C12N11C2 (21) + φC19C3C5C4 (16) 

176.72 4.4692 δC20C19C4 (11) + δC27C24C22 (10) 

201.05 0.1823 ϕC24C22C20C19 (27) + ϕC28C30C29C27 (24) + φF35C28C29C30 (14) 

208.74 6.7583 δC22C20C19 (15) + δC12N11C2 (14) 

281.46 13.8688 δO21C19C20 (16) + δC19C4C5 (16) + δC13C12N11 (16) + δC22C20C19 (12) 

311.05 2.4092 φC19C3C5C4 (17) + ϕC2C6C5C4 (16) 

324.55 7.8480 φC19C3C5C4 (11) + ϕC2C6C5C4 (10) 

374.57 7.7686 δN11C2C1 (30) + δC13C12N11 (23) 

375.51 1.3332 

φF35C28C29C30 (25) + ϕC29C27C24C22 (23) + ϕC26C28C30C29 (15) + ϕC24C22C20C19 

(14) 

410.18 19.9843 δF35C30C29 (50) 

418.73 0.1533 ϕC1C3C4C5 (32) + ϕC6C5C4C3 (28) + ϕH10C5C6C2 (16) + ϕH8C3C1C2 (11) 

423.15 0.2900 

ϕC26C28C30C29 (24) + ϕC28C30C29C27 (21) + ϕC29C27C24C22 (13) + ϕH32C26C28C30 

(11) + ϕH31C27C29C30 (11) 

451.43 2.7693 δO17C12C13 (21) + νC19C4 (15) + δC27C24C22 (10) 

502.05 61.7623 δC20C19C4 (19) 

512.48 11.8655 φF35C28C29C30 (15) + φN11C6C1C2 (14) 

523.71 70.6939 φF35C28C29C30 (17) + φN11C6C1C2 (16) 

537.74 32.5287 δC24C20C22 (22) + δC20C19C4 (13) + δC29C27C24 (12) + δC27C24C22 (10) 

581.76 8.1310 δO17C12C13 (29) + νC3C12 (13) 

600.17 46.5726 ϕH18N11C2C6 (35) + φO17C13N11C12 (35) 

646.69 6.8324 δC6C5C4 (25) + δC1C3C4 (14) 

648.21 0.3446 δC30C29C27 (26) + δC29C27C24 (17) + δC26C28C30 (14) 

649.77 45.6116  ϕH18N11C2C6 (56) + φO17C13N11C12 (31) 

684.38 48.9127 νC13C12 (14) + δO21C19C20 (14) 

689.21 12.0318 φO21C4C20C19 (27) + ϕC30C29C27C24 (10) 

726.46 3.2605 ϕC30C29C27C24 (35) + ϕC26C28C30C29 (14) + ϕC28C30C29C27 (13) 

761.21 5.9635 νF35C30 (15) + δC29C27C24 (14) + νC24C22 (12) 

769.63 3.4377 φN11C6C1C2 (23) + φC19C3C5C4 (10) 

822.04 0.4647 

ϕH33C28C30C29 (31) + ϕH34C29C30C28 (29) + ϕH32C26C28C30 (21) + ϕH31C27C29C30 

(18) 

834.30 74.6343 ϕH9C6C2N11 (47) + ϕH10C5C6C2 (34) 

834.89 66.7129 νC28C30 (14) + νF35C30 (13) + νC29C30 (12) 

846.13 127.2174  ϕH31C27C29C30 (12) + φF35C28C29C30 (11) + ϕH32C26C28C30 (11) 
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857.75 9.2057 δC3C4C5 (23) 

871.25 21.8480  ϕH7C1C2N11 (35) + ϕH8C3C1C2 (21) + ϕH23C20C22C24 (10) 

898.43 1.8102 ϕH23C20C22C24 (53) + φO21C4C20C19 (12) 

904.72 1.6187 δC22C20C19 (15) + δC28C30C29 (12) + δO21C19C20 (10) 

958.05 2.8431 

ϕH31C27C29C30 (24) + ϕH32C26C28C30 (21) + ϕH34C29C30C28 (17) + ϕH33C29C30C28 

(16) 

965.69 9.0205 νC13C12 (28) + νN11C12 (20) 

973.68 1.6863 ϕH10C5C6C2 (28) + ϕH9C6C2N11 (27) + ϕC2C6C5C4 (26) 

976.43 0.0275 

ϕH32C26C28C30 (24) + ϕH31C27C29C30 (23) + ϕH33C28C30C29 (23) + ϕH34C29C30C28 

(20) 

1006.72 0.7803 ϕH8C3C1C2 (39) + ϕH7C1C2N11 (35) + ϕC1C3C4C5 (13) 

1018.59 47.9133 ϕH25C22C24C26 (63) + ϕC30C29C27C24 (10) 

1022.21 3.8340 δC1C3C4 (28) + δC6C5C4 (15) + δC3C4C5 (11) 

1024.80 206.8406 ϕH16C13C13N11 (18) + ϕH15C13C12N11 (16) 

1026.30 29.0454 

δC26C28C30 (36) + δC27C29C30 (21) + δC28C29C30 (14) + δH33C28C30 (11) + 

δH34C29C30 (11) 

1044.10 176.0769 νC19C20 (34) + νC3C4 (17) 

1052.98 12.9373 ϕH14C13C12N11 (51) + φO17C13N11C12 (19) + δH15C13H14 (14) + δH14C13H16 (12) 

1122.82 14.1112 

δH34C29C30 (21) + νC29C27 (17) + δH33C28C30 (16) + δH32C26C28 (12) + δH31C27C29 

(11) + νC2628 (10) 

1141.56 69.0745 δH8C1C3 (32) + δH7C3C1 (25) 

1174.43 332.6504 δH33C28C30 (18) + δH34C29C30 (16) + νC30F35 (11) 

1198.23 732.4341 δH10C5C6 (25) + δH9C6C2 (21) 

1220.91 192.3285 νC30F35 (22) + δH31C27C29 (15) + δH25C22C24 (11) 

1231.03 280.2440 νC22C24 (17) + νC4C19 (13) 

1327.82 52.0783 νC30F35 (11) 

1242.27 289.1947 νN11C12 (16) 

1276.93 157.8015 νN11C2 (25) + νC2C6 (15) + δH18N11C2 (12) 

1314.10 156.3930 νC22C24 (14) + νC27C29 (10) + νC27C24 (10) 

1321.07 9.4844 δH23C20C22 (11) + δH9C6C2 (11) + δH10C5C6 (11) + δH8C3C1 (10) 

1329.49 20.9898 δH32C26C28 (17) + δH31C27C29 (15) 

1336.63 495.4703 νC2C6 (19) + νC3C4 (17) 

1351.49 73.8365 νC24C27 (11) + δH25C22C24 (11) + νC20C22 (10) 

1369.68 213.6758 δH23C20C22 (39) 

1397.41 72.3858 δH16C13H15 (60) + δH14C13H16 (47) + δH15C13H14 (33) 

1431.51 137.1281 νC1C3 (22) + νC6C5 (19) + δH10C5C6 (10) 

1440.82 184.3337 νC26C28 (18) + νC27C29 (18) + δH34C29C30 (10) 

1464.38 14.0702 δH14C13H16 (47) + δH15C13H14 (33) + ϕH14C13C12N11 (11) 
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1481.08 40.0927 

δH15C13H14 (33) + δH16C13H15 (22) + δH14C13H16 (16) + ϕH15C13C12N11 (14) + 

ϕH16C13C12N11 (10) 

1532.26 428.9511 δH31C27C29 (16) + δ H33C28C30 (15) + δ H32C26C28 (14) + δH34C29C30 (12)  

1536.84 261.9342 δH7C1C3 (17) + δH18N11C2 (10) + νC3C4 (10) 

1539.50 267.8041 δH18N11C2 (29) + δH9C6C2 (18) + δH10C5C6 (14) + νC4C5 (13) 

1591.41 366.4863 νO21C19 (41) + νC20C22 (12) 

1616.01 804.5153 νC2C6 (13) + νC30C29 (12) 

1623.10 246.4152 νC27C24 (22) + νC30C29 (13) + νC28C30 (11) 

1634.15 138.0322 νC26C28 (16) 

1641.15 206.9205 νC1C3 (14) 

1690.20 298.6628 νC19O21 (34) + νC20C22 (32) 

1711.73 426.0448 νC12O17 (73) 

3048.86 6.5719 νC13H16 (40) + νC13H15 (32) + νC13H14 (28) 

3114.54 6.2898 νC13H16 (52) + νC13H15 (45) 

3131.75 21.0337 νC13H14 (70) + νC13H15 (23) 

3152.73 3.4070 νC22H25 (99) 

3172.21 17.8251 νC6H9 (95) 

3180.82 7.3486 νC27H31 (92) 

3189.91 5.8248 νC26H32 (73) + νC28H33 (21) 

3198.20 4.0832 νC3H8 (98) 

3201.19 1.3071 νC5H10 (45) + νC20H23 (41) + νC28H33 (10) 

3201.15 4.5052 νC29H34 (77) + νC28H33 (12) 

3205.97 5.0553 νC28H33 (55) + νC26H32 (21) + νC29H34 (15) 

3218.56 18.7668 νC20H23 (53) + νC5H10 (43) 

3247.14 2.8826 νC1H7 (98) 

3609.18 68.7200 νN11H18 (100) 

 

Table S3 – Theoretical assignments for the fundamental vibrational modes of the PAAPFBA 

chalcone using mPW1PW91/6-311++G(d,p) level of theory.  

mPW1PW91 

Wavenumber (cm-1) IR intensity (a.u.) Vibrational Mode Assignment 

19.64 0.357 ϕC22C20C19C4 (34) + ϕC27C24C22C20 (23) + ϕC20C19C4C3 (17) + ϕC12N11C2C6 (10) 

23.62 5.8794 ϕC20C19C4C3 (46) + ϕC27C24C22C20 (19) + ϕC22C20C19C4 (11) 

39.25 1.279 δC22C20C19 (24) + δC24C22C20 (23) + δC20C19C4 (15) 

45.88 1.2095 ϕC12N11C2C6 (46) 

51.89 8.2907 

ϕC13C12N11C2 (29) + ϕC12N11C2C6 (19) + ϕH16C13C12N11 (13) + ϕH15C13C12N11 

(13) 
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65.52 1.9323 ϕC14C13C12N11 (11) + ϕC29C27C24C22 (10) 

74.55 3.4877 ϕC29C27C24C22 (28) + ϕC24C22C20C19 (17) + ϕC20C19C4C3 (10) 

103.23 1.4588 ϕC27C24C22C20 (15) + ϕC22C20C19C4 (14) 

120.82 0.964 δN11C2C1 (22) + δC12N11C2 (19) + δC19C4C5 (10) 

157.31 3.1372 ϕC13C12N11C2 (21) + φC19C3C5C4 (15) 

178.38 4.2315 δC20C19C4 (11) 

203.82 0.1677 ϕC24C22C20C19 (26) + ϕC28C30C29C27 (24) + φF35C28C29C30 (13) 

209.23 6.38 δC22C20C19 (16) + δC12N11C2 (14) 

281.24 15.1113 δO21C19C20 (16) + δC19C4C5 (16) + δC13C12N11 (16) + δC22C20C19 (12) 

312.79 1.8206 φC19C3C5C4 (18) + ϕC2C6C5C4 (16) 

327.55 7.7818 φC19C3C5C4 (10) 

374.84 7.7623 δN11C2C1 (31) + δC13C12N11 (25) 

380.62 1.3024 

φF35C28C29C30 (24) + ϕC29C27C24C22 (24) + ϕC26C28C30C29 (17) + ϕC24C22C20C19 

(16) 

413.41 19.2293 δF35C30C29 (51) 

419.53 0.0904 ϕC1C3C4C5 (31) + ϕC6C5C4C3 (27) + ϕH10C5C6C2 (15) + ϕH8C3C1C2 (10) 

424.26 0.3376 

ϕC28C30C29C27 (21) + ϕC26C28C30C29 (17) + ϕC29C27C24C22 (15) + ϕH31C27C29C30 

(11) ϕH32C26C28C30 (10) 

453.41 1.9719 δO17C12C13 (22) + νC19C4 (14) + δC27C24C22 (10) 

504.55 59.7191 δC20C19C4 (20) 

516.09 11.3754 φN11C6C1C2 (18) + φF35C28C29C30 (12) 

527.51 73.1005 φF35C28C29C30 (19) + φN11C6C1C2 (13) 

537.56 32.6061 δC24C20C22 (22) + δC20C19C4 (12) + δC29C27C24 (13) + δC27C24C22 (10) 

586.83 5.5681 δO17C12C13 (27) + νC3C12 (12) 

605.38 45.1366 ϕH18N11C2C6 (36) + φO17C13N11C12 (33) 

645.87 6.8085 δC6C5C4 (28) + δC1C3C4 (16) + δC2C6C5 (11) + νC4C5 (10) 

648.43 0.0937 δC30C29C27 (29) + δC29C27C24 (18) + δF35C30C29 (10) 

654.38 46.0957  ϕH18N11C2C6 (36) + φO17C13N11C12 (32) 

690.23 51.0633 δO21C19C20 (14) + νC13C12 (13) 

695.27 12.7835 φO21C4C20C19 (25) + ϕC30C29C27C24 (10) 

731.1 3.6955 ϕC30C29C27C24 (35) + ϕC26C28C30C29 (14) + ϕC28C30C29C27 (13) 

771.38 4.5388  δC29C27C24 (15) + νF35C30 (14) + νC24C22 (12) 

775.86 3.824 φC21C4C20C19 (24) + φN11C6C1C2 (10) 

830.46 0.7233 

ϕH33C28C30C29 (30) + ϕH34C29C30C28 (29) + ϕH32C26C28C30 (21) + ϕH31C27C29C30 

(17) 

840.78 8032364 ϕH9C6C2N11 (47) + ϕH10C5C6C2 (34) 

845.65 58.4184 νC29C30 (13) + νC28C30 (13) + νF35C30 (12) 

853.49 134.017  ϕH31C27C29C30 (12) + φF35C28C29C30 (11) + ϕH32C26C28C30 (11) + ϕH8C3C1C2 (10) 
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+ ϕH7C1C2N11 (10) 

869.28 13.1275 δC3C4C5 (22) 

877.47 19.0684  ϕH7C1C2N11 (34) +  ϕH8C3C1C2 (21) +  ϕH23C20C22C24 (10) 

905.26 1.981 ϕH23C20C22C24 (52) + φH7C1C2N11 (10) 

912.77 1.6239 δC22C20C19 (13) + δC28C30C29 (13) 

962.28 2.4958 

ϕH31C27C29C30 (24) + ϕH32C26C28C30 (22) + ϕH33C29C30C28 (18) + ϕH34C29C30C28 

(16) 

978.23 2.0963 ϕH10C5C6C2 (27) + ϕH9C6C2N11 (25) + ϕC2C6C5C4 (24) 

982.35 8.0275 νC13C12 (24) + νN11C12 (19) 

988.17 0.0203 

 ϕH31C27C29C30 (24) + ϕH32C26C28C30 (23) + ϕH33C28C30C29 (22) + 

ϕH34C29C30C28 (20) 

1012.15 0.8573 ϕH8C3C1C2 (38) + ϕH7C1C2N11 (35) + ϕC1C3C4C5 (12) 

1025.5 51.1463 ϕH25C22C24C26 (64) 

1026.42 4.017 δC1C3C4 (15) + ϕH15C13C12N11 (15) + ϕH16C13C12N11 (17) 

1030.63 75.4853 δC1C3C4 (14) + δC6C5C4 (10) + ϕH16C13C12N11 (10) 

1031.61 59.3394 δC26C28C30 (27) + δC30C29C27 (16) + δC28C29C30 (10) 

1051.85 15.5571 ϕH14C13C12N11 (51) + φO17C13N11C12 (19) + δH15C13H14 (15) + δH14C13H16 (12) 

1057.63 210.0214 νC19C20 (37) + νC2C6 (17) 

1126.21 13.9725 δH33C28C30 (17) + νC29C27 (15) + δH31C27C29 (12) + δH32C26C28 (12) + νC2628 (10) 

1143.17 41.9534 δH8C1C3 (34) + δH7C3C1 (27) 

1180.59 202.5512 δH33C28C30 (20) + δH34C29C30 (17) + δH31C27C29 (12) + δH32C26C28 (12) 

1204.1 453.5349 δH10C5C6 (27) + δH9C6C2 (26) 

1230.62 62.2979 δH25C22C24 (25) + δH31C27C29 (15) + δH23C20C22 (12) + νC27C24 (10) 

1250.31 667.022 νC4C19 (25) + νC22C24 (11) + δH7C1C3 (11) 

1259.17 213.3767 νN11C12 (23) + νC13C12 (13) 

1260.99 112.8575 νF35C30 (35) + νC26C24 (11) + δH32C26C28 (10) 

1294.63 138.7782 νN11C12 (26) + νC2C6 (15) + δH18N11C2 (15) 

1320.15 8.4467 νC22C24 (14) + νC27C29 (10) + νC27C24 (10) 

1328.74 119.9946 δH32C26C28 (11) + δH8C3C1 (10) 

1337.03 217.8104 δH25C22C24 (16) + δH31C27C29 (14) + νC28C30 (10) 

1355.85 85.9839 δH23C20C22 (16) 

1372.32 64.3798 νC3C4 (15) + νC27C24 (12) + νC2C6 (10) + δH25C22C24 (10) 

1385.47 476.7799 δH23C20C22 (24) 

1395.65 143.2562 δH16C13H15 (59) + δH14C13H16 (15) + δH15C13H14 (10) 

1447.44 152.4646 νC1C3 (26) + νC6C5 (22) 

1455.76 155.84 νC26C28 (22) + νC29C27 (21) + δH34C29C30 (10) 

1462.59 15.991 δH14C13H16 (48) + δH15C13H14 (32) + ϕH14C13C12N11 (12) 

1483.25 52.2478 δH15C13H14 (35) + δH16C13H15 (21) + δH14C13H16 (16) + ϕH15C13C12N11 (13) 
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1549.06 335.9576 δH31C27C29 (16) + δ H33C28C30 (14) + δ H32C26C28 (13) + δH34C29C30 (11)  

1552.79 128.1346 δH9C6C2 (20) + δH10C5C6 (16) + δH18N11C2 (15) 

1560.59 648.056 δH18N11C2 (27) + δH7C1C3 (11) + νN11C12 (10) 

1628.25 255.2234 νO21C19 (30) + νC2C6 (13) + νC20C22 (10) 

1644.57 712.7984 νC30C29 (15) + νC22C20 (10) 

1652.69 284.179 νC27C24 (21) + νC30C29 (12) + νC28C30 (10) 

1663.72 349.7252 νC1C3 (15) + νC5C4 (12) + νC26C28 (10) 

1671.13 170.1567 νC26C28 (15) + νC30C29 (12) + νC20C22 (10) 

1723.61 302.5793 νC19O21 (44) + νC20C22 (27) 

1750.2 472.8702 νC12O17 (76) 

3076.12 4.6056 νC13H16 (39) + νC13H15 (31) + νC13H14 (29) 

3153.12 4.4776 νC13H16 (54) + νC13H15 (42) 

3169.97 16.8996 νC13H14 (67) + νC13H15 (27) 

3177.42 3.0005 νC22H25 (99) 

3200.28 15.7295 νC6H9 (94) 

3207.68 6.1675 νC27H31 (92) 

3216.33 5.3671 νC26H32 (77) + νC28H33 (18) 

3222.78 3.8936 νC3H8 (98) 

3227.04 0.7493 νC5H10 (47) + νC20H23 (43) 

3233.59 0.9627 νC28H33 (52) + νC29H34 (33) + νC26H32 (11) 

3233.97 6.956 νC29H34 (60) + νC28H33 (25) + νC26H32 (11) 

3241.18 17.2718 νC20H23 (52) + νC5H10 (43) 

3241.18 3.9369 νC1H7 (98) 

3651.9 74.8179 νN11H18 (100) 

 

Table S4 – Theoretical assignments for the fundamental vibrational modes of the PAAPFBA 

chalcone using M06-2X/6-311++G(d,p) level of theory.  

M06-2X 

Wavenumber IR intensity Vibrational Mode Assignment 

16.66 0.1018 ϕC27C24C22C20 (46) + ϕC22C20C19C4 (38) 

22.77 5.7404 ϕC20C19C4C3 (49) + ϕC27C24C22C20 (12) + ϕC12C11C2C6 (12) 

36.41 2.4991 δC22C20C19 (19) + δC24C22C20 (17) + δC20C19C4 (15) 

39.24 6.6737 ϕC20C19C4C3 (49) + ϕC12N11C2C6 (12) 

49.01 1.5714 ϕH16C13C13N11 (35) + ϕH14C13C12N11 (26) + ϕH15C13C12N11 (11) 

53.67 3.1674 ϕC13C12N11C2 (16) + ϕC6C5C4C3 (13) + ϕC27C24C22C20 (11) + ϕC19C3C5C4 (10) 

69.02 1.0944 

ϕC29C27C24C22 (28) + ϕC22C20C19C4 (18) + ϕC13C12N11C2  (13) + ϕC24C22C20C19 

(11) 
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96.28 4.2346 ϕC20C19C4C3 (10) + ϕC24C22C20C19 (10) + ϕC22C20C19C4 (10) 

126.16 0.7788 δN11C2C1 (19) + δC12N11C2 (14) + δC19C4C5 (10) + ϕC13C12N11C2 (10) 

144.91 3.0503 ϕC13C12N11C2 (20) + φC19C3C5C4 (15) + δC12N11C2 (13) 

144.91 2.9313 δC20C19C4 (11) 

201.19 0.3588 ϕC24C22C20C19 (29) + ϕC28C30C29C27 (25) + φF35C28C29C30 (13) 

215.84 8.2082 δC12N11C2 (16) + δC22C20C19 (13) + δC13C12N11 (10) 

282.58 12.4542 δC19C4C5 (15) + δC13C12N11 (16) + δO21C19C20 (13) + δC22C20C19 (11) 

300.97 0.384 φC19C3C5C4 (21) + ϕC2C6C5C4 (14) 

331.11 6.8743 φC19C3C5C4 (11) 

373.81 5.9592 δN11C2C1 (32) + δC13C12N11 (24) 

380.41 1.9725 

ϕC29C27C24C22 (26) + φF35C28C29C30 (24) + ϕC26C28C30C29 (17) + ϕC24C22C20C19 

(15) 

414.71 18.8068 δF35C30C29 (37) 

418.84 1.1789 ϕC1C3C4C5 (22) + ϕC6C5C4C3 (21) + δF35C30C29 (18) + ϕH10C5C6C2 (10) 

422.46 0.4102 

ϕC28C30C29C27 (23) + ϕC26C28C30C29 (23) + ϕC29C27C24C22 (15) + ϕH31C27C29C30 

(11) ϕH32C26C28C30 (11) 

454.21 1.5128 νC19C4 (25) + δO17C12C13 (19) + δC27C24C22 (11) 

501.21 44.5784 φN11C6C1C2 (16) + δC20C19C4 (15) 

516.41 12.7879 φF35C28C29C30 (19) 

526.16 79.43 φN11C6C1C2 (15) + φF35C28C29C30 (11) 

538.27 24.9425 δC24C20C22 (19) + δC20C19C4 (15) + δC29C27C24 (10) 

580.94 59.7852 ϕH18N11C2C6 (50) + φO17C13N11C12 (16) + ϕH15C13C12N11 (11) 

594.62 14.5426 ϕH18N11C2C6 (36) + φO17C13N11C12 (33) 

626.56 23.0304 δC17C12C13 (19) + νC13C12 (10) + ϕH18N11C2C6 (10) 

644.88 5.8009 δC6C5C4 (28) + δC1C3C4 (16) + δC2C6C5 (10) + νC5C4 (10) 

647.7 0.0903  ϕH18N11C2C6 (36) + φO17C13N11C12 (32) 

688.91 40.9909 δC30C29C27 (30) + δC29C27C24 (18) + δC26C28C30 (16) 

695.73 30.3251 νC13C12 (13) + δO21C19C20 (10) 

728.19 4.0628 ϕC30C29C27C24 (35) + ϕC26C28C30C29 (14) + ϕC28C30C29C27 (12) 

769.88 6.7462  δC29C27C24 (15) + νF35C30 (14) + νC24C22 (12) 

773.41 4.0624 φC21C4C20C19 (11) 

839.52 1.2492 

ϕH33C28C30C29 (30) + ϕH34C29C30C28 (27) + ϕH32C26C28C30 (20) + ϕH31C27C29C30 

(16) 

844.01 89.8635 ϕH9C6C2N11 (44) + ϕH10C5C6C2 (34) 

846.47 51.668 νC28C30 (10) + νF35C30 (10) 

857.57 132.2999  ϕH7C1C2N11 (13) + ϕH8C3C1C2 (12) + ϕH31C27C29C30 (12) + φF35C28C29C30 (11) 

867.67 17.4108 δC3C4C5 (19) 

876.64 17.685  ϕH7C1C2N11 (35) +  ϕH8C3C1C2 (21) 
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909.91 1.6226 ϕH23C20C22C24 (48) + φO21C4C20C19 (11) 

914.66 3.0362 δC22C20C19 (12) + δC28C30C29 (12) 

971.01 2.8316 

ϕH32C26C28C30 (23) + ϕH31C27C29C30 (22) + ϕH33C29C30C28 (20) + ϕH34C29C30C28 

(14) 

984.62 9.723 νC13C12 (18) + ϕH10C5C6C2 (12) + ϕH9C6C2N11 (11) + ϕC2C6C5C4 (11) + νC11C12 (10) 

986.91 5.9355 ϕH10C5C6C2 (22) + ϕC2C6C5C4 (18) + ϕH9C6C2N11 (15) 

997.91 0.0209 

 ϕH31C27C29C30 (27) + ϕH32C26C28C30 (21) + ϕH33C28C30C29 (21) + 

ϕH34C29C30C28 (21) 

1014.09 0.8854 ϕH8C3C1C2 (37) + ϕH7C1C2N11 (33) + ϕC1C3C4C5 (11) 

1020.73 24.3477 ϕH16C13C12N11 (20) + ϕH14C13C12N11 (13) 

1026.64 54.5151 ϕC25C22C24C26 (60) 

1029.57 85.1374 δC6C5C4 (28) + δC1C3C4 (16)  

1031.86 55.9812 δC26C28C30 (25) + δC30C29C27 (14) 

1057.81 16.4466 ϕH14C13C12N11 (25) + φO17C13N11C12 (25) + ϕH15C13C12N11 (19) 

1060.55 194.0859 νC19C20 (35) + νC4C3 (16) 

1123.85 12.7495 δH33C28C30 (18) + νC29C27 (17) + δH32C26C28 (11) + δH31C27C29 (11) + νC2628 (11) 

1151.62 18.4365 δH8C1C3 (31) + δH7C3C1 (24) + νC1C3 (10) 

1180.39 118.9829 δH33C28C30 (20) + δH34C29C30 (18) + δH31C27C29 (13) + δH32C26C28 (13) 

1204.02 422.2817 δH10C5C6 (25) + δH9C6C2 (23) 

1230.85 24.8096 

δH25C22C24 (22) + νC27C24 (14) + νC22C24 (13) +  δH31C27C29 (12) + δH23C20C22 

(11) 

1253.61 552.5258 νC4C19 (25) + δH23C20C22 (11) 

1267.66 140.1719 νN11C12 (22) + νC13C12 (13) + νN11C12 (12) 

1276.98 137.5165 νF35C30 (41) + νC26C28 (12) 

1286.67 120.6389 νC2C6 (19) + νN11C2 (15) + δH18N11C2 (11) 

1317.45 51.1358 νC28C30 (19) + νC27C29 (15) + νC27C24 (14) + νC22C24 (11) 

1320.19 6.4841 δH32C26C28 (18) + δH31C27C29 (15) + δH33C28C30 (10) 

1330.4 27.2177 δH9C6C2 (15) + δH10C5C6 (14) + δH8C3C1 (14) + δH7C1C3 (12) 

1341.36 479.764 νC4C3 (16) + νC2C6 (14) + νN11C2 (14) + νC6C5 (11) 

1354.01 96.24 δH25C22C24 (42) 

1373.76 281.0456 δH23C20C22 (40) 

1401.35 103.1562 δH16C13H15 (39) + δH14C13H16 (33) 

1443.27 266.2137 νC1C3 (21) + νC6C5 (17) + δH10C5C6 (10) 

1455.87 118.1555 νC26C28 (19) + νC29C27 (18) + δH34C29C30 (10) 

1464.1 25.8261 δH14C13H16 (44) + δH16C13H15 (24) + ϕH16C13C12N11 (12) 

1483.18 35.5159 δH15C13H14 (62) + δH16C13H15 (15) + ϕH15C13C12N11 (15) 

1554.7 131.8311 δH9C6C2 (11) 

1556.21 249.85 δH9C6C2 (10) 
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1563.61 648.5509 δH18N11C2 (35) 

1645.82 177.5135 νC2C6 (24) + νC5C4 (11) + δH18N11C2 (11) 

1657.4 184.6935 νC30C29 (28) + νC27C24 (13) 

1667.56 210.9449 νC1C3 (11) + νC5C4 (10) 

1671.4 447.4624 νC26C28 (16) + νC1C3 (12) 

1685.99 404.7131 νC22C20 (29) + νO21C19 (14) + νC29C30 (10) 

1756.69 330.9729 νC19O21 (60) + νC20C22 (19) 

1776.21 529.2085 νO17C12 (78) 

3080.75 0.571 νC13H16 (54) + νC13H14 (29) + νC13H15 (17) 

3154.69 4.5557 νC13H14 (51) + νC13H16 (43) 

3179.41 1.2164 νC22H25 (99) 

3193.18 6.3067 νC13H15 (70) + νC13H14 (20) 

3204.83 10.0958 νC6H9 (91) 

3211.52 3.4218 νC27H31 (93) 

3218.84 3.942 νC26H32 (74) + νC28H33 (11) + νC20H23 (10) 

3224.1 1.7992 νC3H8 (99) 

3227.8 0.8915 νC5H10 (63) + νC20H23 (19) 

3237.01 0.4018 νC28H33 (80) + νC26H32 (11) 

3237.73 2.5757 νC29H34 (91) 

3244.58 9.4052 νC20H23 (68) + νC5H10 (22) 

3282.6 6.597 νC1H7 (99) 

3634.42 90.7483 νN11H18 (100) 

 

Table S5 – Experimental isotropic shifts (𝛿𝑒𝑥𝑝 ), calculated isotropic shielding (𝜎𝑐𝑎𝑙𝑐 ), and 

calculated isotropic magnetic shielding ( 𝛿𝑐𝑎𝑙𝑐 ) for the PAAPFBA chalcone using the 

B3LYP/mPW1PW91/M06-2x at 6-311++G(d,p) basis set.  

  B3LYP/6-311++G(d,p) mPW1PW91/6-311++G(d,p) M06-2X/6-311++G(d,p) 

Atom 𝜹𝒆𝒙𝒑 𝝈𝒄𝒂𝒍𝒄 𝜹𝒄𝒂𝒍𝒄 𝝈𝒄𝒂𝒍𝒄 𝜹𝒄𝒂𝒍𝒄 𝝈𝒄𝒂𝒍𝒄 𝜹𝒄𝒂𝒍𝒄 

H7 7.73 22.9245 9.039492 22.709 9.175942 22.3799 9.681025 

H8 8.07 23.2891 8.674892 23.0822 8.802742 22.9013 9.159625 

H9 7.73 24.7941 7.169892 24.6525 7.232442 24.3834 7.677525 

H10 8.07 23.5558 8.408192 23.3751 8.509842 23.0701 8.990825 

H14 2.16 30.074 1.889992 30.0075 1.877442 29.7816 2.279325 

H15 2.16 29.7364 2.227592 29.6696 2.215342 30.0501 2.010825 

H16 2.16 29.6222 2.341792 29.5367 2.348242 29.4645 2.596425 

H23 7.72 23.842 8.121992 23.6543 8.230642 23.3454 8.715525 
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H25 7.81 23.7028 8.261192 23.4983 8.386642 23.1819 8.879025 

H31 7.76 24.1087 7.855292 23.9288 7.956142 23.5802 8.480725 

H32 7.76 23.5393 8.424692 23.3835 8.501442 22.8584 9.202525 

H33 7.16 24.4801 7.483892 24.34 7.544942 24.0319 8.029025 

H34 7.16 24.5014 7.462592 24.3593 7.525642 24.0974 7.963525 

C1 122.9 60.7972 123.8224 66.3324 122.8378 51.3253 138.3178 

C2 144.9 32.0822 152.5374 38.8985 150.2717 23.1826 166.4605 

C3 131.1 45.4927 139.1269 50.5401 138.6301 35.0692 154.5739 

C4 132.1 43.8748 140.7448 50.8205 138.3497 34.1681 155.475 

C5 131.1 47.588 137.0316 52.8628 136.3074 36.8379 152.8052 

C6 122.9 60.8753 123.7443 66.3921 122.7781 51.9725 137.6706 

C12 172.1 6.1025 178.5171 12.6887 176.4815 -2.2202 191.8633 

C19 190.8 -9.1641 193.7837 -2.4186 191.5888 -22.9224 212.5655 

C20 120.4 61.1729 123.4467 66.2502 122.92 49.9848 139.6583 

C22 144.5 30.6146 154.005 35.4162 153.754 19.4458 170.1973 

C24 133.1 45.7068 138.9128 52.9449 136.2253 37.0038 152.6393 

C26 131.1 49.4334 135.1862 54.5879 134.5823 39.2171 150.426 

C27 131.1 40.3391 144.2805 45.7316 143.4386 29.8093 159.8338 

C28 116.9 61.1196 123.5 66.3878 122.7824 51.9394 137.7037 

C29 116.9 61.8149 122.8047 67.0439 122.1263 52.3784 137.2647 

C30 164.0 8.5405 176.0791 16.2018 172.9684 2.5654 187.0777 

 

Table S6 – Calculated the dipole moment in each cartesian direction (𝜇𝑥, 𝜇𝑦 and 𝜇𝑧), the total 

dipole moment (𝜇𝑡𝑜𝑡), the polarizabilities (α), the total polarizability and the parameter ∆α for 

the urea and the PAAPFBA molecules using the DFT methods at 6-311++G(d,p) levels of theory.  

 B3LYP 

(Urea) 

mPW1PW91 

(Urea) 

M06-2X 

(Urea) 

B3LYP 

(PAAPFBA) 

mPW1PW91 

(PAAPFBA) 

M06-2X 

(PAAPFBA) 

𝜇𝑥 (Debye) -0.7045 -0.6834 -0.7554 -0.6323 -0.6556 -1.0366 

𝜇𝑦 (Debye) -2.2931 -2.2943 -2.2731 -7.8316 -7.8099 -7.5466 

𝜇𝑧 (Debye) -5.0778 -5.0730 -5.0282 0.2815 0.3268 0.8367 

𝜇𝑡𝑜𝑡 

(Debye) 
5.6159 5.6095 5.5696 7.8621 7.8442 7.6633 

𝛼𝑥𝑥 (a.u.) 30.276 29.211 28.627 544.710 523.220 461.326 
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𝛼𝑦𝑦 (a.u.) 45.968 44.386 43.450 303.915 296.662 288.710 

𝛼𝑧𝑧 (a.u.) 47.583 46.093 45.396 176.135 172.563 175.741 

𝛼𝑥𝑧 (a.u.) -3.257 -3.137 -3.149 93.649 89.815 80.301 

𝛼𝑥𝑦 (a.u.) -0.548 -0.514 -0.540 -6.981 -6.298 -3.519 

𝛼𝑦𝑧 (a.u.) 1.278 1.323 1.497 5.971 5.861 3.492 

𝛼𝑡𝑜𝑡 (a.u.) 41.276 39.897 39.158 341.587 330.815 308.592 

Δ𝛼 (a.u.) 17.65827 17.16578 17.02058 362.8255 345.3505 285.4418 

 

Table S7 – Calculated hyperpolarizabilities and the parameter 𝛽0  for the urea and the 

PAAPFBA molecules using the DFT methods at 6-311++G(d,p) levels of theory. 

 B3LYP 

(Urea) 

mPW1PW91 

(Urea) 

M06-2X 

(Urea) 

B3LYP 

(PAAPFBA) 

mPW1PW91 

(PAAPFBA) 

M06-2X 

(PAAPFBA) 

𝛽𝑥𝑥𝑥 (a.u.) 25.3491 22.9450 24.7271 188.783 -37.9062 -408.116 

𝛽𝑥𝑦𝑦 (a.u.) 2.88211 0.438257 -1.5407 -290.073 -251.678 -152.11 

𝛽𝑥𝑧𝑧 (a.u.) -0.231099 -1.10871 -2.18118 176.651 146.499 63.277 

𝛽𝑦𝑦𝑦 (a.u.) 120.884 116.906 128.746 -37.373 -51.0298 -16.4008 

𝛽𝑦𝑧𝑧 (a.u.) -114.26 -108.795 -108.38 251.888 228.164 164.065 

𝛽𝑦𝑥𝑥 (a.u.) -22.6641 -20.3658 -19.2649 5046.49 4583.74 3327.27 

𝛽𝑧𝑧𝑧 (a.u.) -19.6227 -16.8157 0.747332 48.9393 42.0916 39.0853 

𝛽𝑧𝑥𝑥 (a.u.) -41.9774 -36.7625 -33.351 469.301 372.16 122.925 

𝛽𝑧𝑦𝑦 (a.u.) 31.2634 30.3821 37.0017 -41.6402 -37.2174 -16.9461 

𝛽𝑥𝑦𝑧 (a.u.) 14.0277 14.2156 15.4876 1134.16 1036.04 783.983 

𝛽0(x 10-31 esu) 3.82635 2.97322 1.85649 456.422 412.779 303.523 

 

Table S8 – Calculated the dipole moment in each cartesian direction (𝜇𝑥, 𝜇𝑦 and 𝜇𝑧), the total 

dipole moment (𝜇𝑡𝑜𝑡), the polarizabilities (α), the total polarizability (𝛼𝑡𝑜𝑡) and the parameter 

∆α for the PAAPFBA molecules using the DFT methods (CAM-B3LYP/LC-BLYP/ 𝜔B97XD) 

at 6-311++G(d,p) levels of theory.  

 CAM-B3LYP 

(PAAPFBA) 

LC-BLYP 

(PAAPFBA) 

𝜔B97XD 

(PAAPFBA) 

𝜇𝑥 (Debye) -0.98830 -1.18890 -0.94200 

𝜇𝑦 (Debye) -8.55280 -8.57300 -8.49140 

𝜇𝑧 (Debye) -0.19380 -0.22270 -0.18360 
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𝜇𝑡𝑜𝑡 

(Debye) 
8.61189 8.65791 8.54546 

𝛼𝑥𝑥 (a.u.) 487.5960 442.6690 484.5330 

𝛼𝑦𝑦 (a.u.) 296.1750 286.8250 296.5080 

𝛼𝑧𝑧 (a.u.) 171.8290 166.0290 172.8350 

𝛼𝑥𝑧 (a.u.) 81.0930 71.8110 80.0830 

𝛼𝑥𝑦 (a.u.) -5.1540 -3.4460 -5.0620 

𝛼𝑦𝑧 (a.u.) 5.9170 5.9100 5.8950 

𝛼𝑡𝑜𝑡 (a.u.) 318.5333 298.5077 317.9587 

Δ𝛼 (a.u.) 309.5469 270.7678 305.4882 

 

Table S9 – Calculated hyperpolarizabilities and the parameter 𝛽0 for the PAAPFBA molecules 

using the DFT methods (CAM-B3LYP/LC-BLYP/ 𝜔B97XD) at 6-311++G(d,p) levels of theory. 

 CAM-B3LYP 

(PAAPFBA) 

LC-BLYP 

(PAAPFBA) 

𝜔B97XD 

(PAAPFBA) 

𝛽𝑥𝑥𝑥 (a.u.) -587.7070 -624.7830 -642.3580 

𝛽𝑥𝑦𝑦 (a.u.) -191.7550 -123.7450 -177.4900 

𝛽𝑥𝑧𝑧 (a.u.) 81.1264 45.4119 71.4209 

𝛽𝑦𝑦𝑦 (a.u.) -48.6281 -71.1506 -52.4783 

𝛽𝑦𝑧𝑧 (a.u.) 189.7430 151.0590 183.0880 

𝛽𝑦𝑥𝑥 (a.u.) 3770.3700 2940.4500 3611.3600 

𝛽𝑧𝑧𝑧 (a.u.) 20.9908 6.5433 16.4644 

𝛽𝑧𝑥𝑥 (a.u.) 171.5280 88.5672 144.4450 

𝛽𝑧𝑦𝑦 (a.u.) -26.2299 -13.6268 -23.0985 

𝛽𝑥𝑦𝑧 (a.u.) 854.0880 674.8040 818.0620 

𝛽0(x 10-31 esu) 343.5688 268.0074 329.8977 

 

Table S10 – Computed ratio between the B3LYP/mPW1PW91/M06-2X methods and the range 

separated methods (CAM-B3LYP/LC-BLYP/ 𝜔B97XD) at 6-311++G(d,p) levels of theory for 

the PAAPFBA molecule. 

 𝜇𝑡𝑜𝑡 (Debye) 𝛼𝑡𝑜𝑡 (a.u.) Δ𝛼 (a.u.) 𝛽0(x 10-31 esu) 

 CAM-B3LYP 

B3LYP 1.0954 0.9325 0.8532 0.7527 
mPW1PW91 1.0979 0.9629 0.8963 0.8323 
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M06-2X 1.1238 1.0322 1.0844 1.1319 
 LC-BLYP 

B3LYP 1.1012 0.8739 0.7463 0.5872 
mPW1PW91 1.1037 0.9023 0.7840 0.6493 

M06-2X 1.1298 0.9673 0.9486 0.8830 

 𝜔B97XD 

B3LYP 1.0869 0.9308 0.8420 0.7228 
mPW1PW91 1.0894 0.9611 0.8846 0.7992 

M06-2X 1.1151 1.0304 1.0702 1.0869 

 

 

 

Table S11 – Calculated quantum reactivity descriptors for the PAAPFBA chalcone using the 

DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) levels of theory. 

Quantum reactivity descriptor B3LYP mPW1PW91 M06-2X 

HOMO (𝐸𝐻𝑂𝑀𝑂/eV) -6.5833 -6.81297 -7.85000 

LUMO (𝐸𝐿𝑈𝑀𝑂/eV) -2.68007 -2.53367 -1.73556 

Energy Gap (∆𝐸𝑔𝑎𝑝/eV) 3.903232 4.279296 6.114447 

Ionization Potential (I/eV) 6.583302 6.812968 7.850002 

Electron Affinity (A/eV) 2.68007 2.533672 1.735556 

Electronegativity (𝜒/eV) 4.631686 4.67332 4.792779 

Electronic Chemical Potential (𝜇/eV) -4.63169 -4.67332 -4.79278 

Global Hardness (𝜂/eV) 1.951616 2.139648 3.057223 

Global Softness (S/eV-1) 0.512396 0.467367 0.327094 

Electrophilicity index (ω/eV) 5.496091 5.103625 3.756797 

Nucleophilicity index (𝜀/eV-1) 0.181947 0.195939 0.266184 

Electric Dipole Polarizability (a.u.) 341.5867 330.815 308.5923 

 

Table S12 – Condensed Fukui functions calculated by the Hirshfeld charge population for the 

PAAPFBA molecule. 

 B3LYP mPW1PW91 M06-2X 

Atom 𝑓𝑘
+ 𝑓𝑘

− 𝑓𝑘
𝑜 𝑓𝑘

+ 𝑓𝑘
− 𝑓𝑘

𝑜 𝑓𝑘
+ 𝑓𝑘

− 𝑓𝑘
𝑜 

C1 -0.02015 -0.04606 -0.03311 -0.01961 -0.05155 -0.03558 -0.01779 -0.07173 -0.04476 

C2 -0.03638 -0.05047 -0.04343 -0.03612 -0.05725 -0.04668 -0.03327 -0.08173 -0.0575 

C3 -0.03875 -0.03317 -0.03596 -0.03851 -0.03638 -0.03745 -0.0361 -0.04704 -0.04157 

C4 -0.01727 -0.06216 -0.03971 -0.01634 -0.0715 -0.04392 -0.01382 -0.10939 -0.0616 
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C5 -0.02948 -0.03058 -0.03003 -0.02944 -0.03362 -0.03153 -0.02783 -0.0425 -0.03517 

C6 -0.02137 -0.04323 -0.0323 -0.02065 -0.04995 -0.0353 -0.01799 -0.08289 -0.05044 

H7 -0.01163 -0.02042 -0.01602 -0.01129 -0.02245 -0.01687 -0.01039 -0.03119 -0.02079 

H8 -0.02248 -0.01884 -0.02066 -0.02192 -0.02034 -0.02113 -0.02041 -0.02727 -0.02384 

H9 -0.01309 -0.0206 -0.01685 -0.0127 -0.02303 -0.01787 -0.01141 -0.03467 -0.02304 

H10 -0.01462 -0.0165 -0.01556 -0.01449 -0.0181 -0.0163 -0.01484 -0.02497 -0.01991 

N11 -0.00948 -0.05274 -0.03111 -0.00934 -0.06095 -0.03514 -0.00818 -0.09792 -0.05305 

C12 -0.01506 -0.0247 -0.01988 -0.01412 -0.02725 -0.02069 -0.01062 -0.03633 -0.02348 

C13 -0.00495 -0.00908 -0.00702 -0.00466 -0.01002 -0.00734 -0.00365 -0.01417 -0.00891 

H14 -0.00324 -0.00652 -0.00488 -0.00305 -0.00723 -0.00514 -0.00271 -0.01124 -0.00698 

H15 -0.00496 -0.0092 -0.00708 -0.00467 -0.01022 -0.00744 -0.00334 -0.01406 -0.0087 

H16 -0.00503 -0.00923 -0.00713 -0.00475 -0.01026 -0.0075 -0.00349 -0.01367 -0.00858 

O17 -0.01888 -0.04946 -0.03417 -0.01793 -0.05574 -0.03683 -0.01465 -0.08037 -0.04751 

H18 -0.00731 -0.02138 -0.01435 -0.00709 -0.02406 -0.01557 -0.00637 -0.03721 -0.02179 

C19 -0.10152 -0.01601 -0.05876 -0.10448 -0.0148 -0.05964 -0.11205 -0.01796 -0.065 

C20 -0.06057 -0.06226 -0.06142 -0.06235 -0.05238 -0.05737 -0.06522 -0.00324 -0.03423 

O21 -0.11403 -0.02828 -0.07116 -0.11703 -0.02706 -0.07204 -0.1252 -0.04711 -0.08615 

C22 -0.0987 -0.0427 -0.0707 -0.1011 -0.03938 -0.07024 -0.1111 -0.01876 -0.06493 

H23 -0.02636 -0.0178 -0.02208 -0.02692 -0.01533 -0.02112 -0.02922 -0.005 -0.01711 

C24 -0.02142 -0.03801 -0.02972 -0.02087 -0.03144 -0.02616 -0.01991 -0.00237 -0.01114 

H25 -0.03941 -0.01848 -0.02895 -0.03954 -0.01667 -0.02811 -0.04288 -0.00819 -0.02554 

C26 -0.03767 -0.03135 -0.03451 -0.03749 -0.02672 -0.0321 -0.03781 -0.00505 -0.02143 

C27 -0.03484 -0.03298 -0.03391 -0.03498 -0.02839 -0.03168 -0.03505 -0.00611 -0.02058 

C28 -0.02237 -0.02569 -0.02403 -0.02185 -0.02151 -0.02168 -0.02099 -0.00361 -0.0123 

C29 -0.02333 -0.02765 -0.02549 -0.02269 -0.0231 -0.02289 -0.02153 -0.00377 -0.01265 

C30 -0.04021 -0.04444 -0.04233 -0.04008 -0.03789 -0.03899 -0.04008 -0.00659 -0.02333 

H31 -0.01699 -0.01578 -0.01638 -0.0168 -0.01338 -0.01509 -0.01692 -0.00289 -0.00991 

H32 -0.01775 -0.01414 -0.01595 -0.01746 -0.01189 -0.01467 -0.01768 -0.00224 -0.00996 

H33 -0.01348 -0.01444 -0.01396 -0.01316 -0.01209 -0.01263 -0.01275 -0.00227 -0.00751 

H34 -0.01384 -0.01496 -0.0144 -0.01347 -0.01253 -0.013 -0.01296 -0.00242 -0.00769 

F35 -0.02291 -0.03048 -0.0267 -0.02266 -0.02544 -0.02405 -0.02142 -0.00396 -0.01269 
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Table S13 – Calculated local reactivity descriptors for the title chalcone using the B3LYP/6-

311++G(d,p) basis set.  

  B3LYP  

Atom 𝜂𝑘
+ 𝜂𝑘

− 𝜂𝑘
𝑜 𝑠𝑘

+ 𝑠𝑘
− 𝑠𝑘

𝑜 𝜔𝑘
+ 𝜔𝑘

− 𝜔𝑘
𝑜 

C1 -0.03933 -0.0899 -0.06461 -0.01033 -0.0236 -0.01696 -0.11076 -0.25317 -0.18196 

C2 -0.071 -0.0985 -0.08475 -0.01864 -0.02586 -0.02225 -0.19995 -0.27739 -0.23867 

C3 -0.07563 -0.06473 -0.07018 -0.01986 -0.01699 -0.01843 -0.21299 -0.18229 -0.19764 

C4 -0.0337 -0.12131 -0.07751 -0.00885 -0.03185 -0.02035 -0.0949 -0.34164 -0.21827 

C5 -0.05754 -0.05968 -0.05861 -0.01511 -0.01567 -0.01539 -0.16204 -0.16808 -0.16506 

C6 -0.04171 -0.08437 -0.06304 -0.01095 -0.02215 -0.01655 -0.11745 -0.2376 -0.17752 

H7 -0.02269 -0.03985 -0.03127 -0.00596 -0.01046 -0.00821 -0.0639 -0.11224 -0.08807 

H8 -0.04386 -0.03677 -0.04032 -0.01152 -0.00965 -0.01059 -0.12352 -0.10356 -0.11354 

H9 -0.02555 -0.04021 -0.03288 -0.00671 -0.01056 -0.00863 -0.07197 -0.11323 -0.0926 

H10 -0.02853 -0.03221 -0.03037 -0.00749 -0.00846 -0.00797 -0.08034 -0.09071 -0.08552 

N11 -0.01849 -0.10293 -0.06071 -0.00486 -0.02703 -0.01594 -0.05208 -0.28988 -0.17098 

C12 -0.02938 -0.04821 -0.0388 -0.00771 -0.01266 -0.01019 -0.08275 -0.13576 -0.10925 

C13 -0.00967 -0.01772 -0.01369 -0.00254 -0.00465 -0.00359 -0.02722 -0.0499 -0.03856 

H14 -0.00632 -0.01272 -0.00952 -0.00166 -0.00334 -0.0025 -0.01779 -0.03583 -0.02681 

H15 -0.00968 -0.01796 -0.01382 -0.00254 -0.00471 -0.00363 -0.02727 -0.05057 -0.03892 

H16 -0.00981 -0.01802 -0.01392 -0.00258 -0.00473 -0.00365 -0.02764 -0.05074 -0.03919 

O17 -0.03685 -0.09653 -0.06669 -0.00967 -0.02534 -0.01751 -0.10377 -0.27185 -0.18781 

H18 -0.01427 -0.04173 -0.028 -0.00375 -0.01096 -0.00735 -0.04019 -0.11752 -0.07886 

C19 -0.19812 -0.03124 -0.11468 -0.05202 -0.0082 -0.03011 -0.55795 -0.08797 -0.32296 

C20 -0.11822 -0.12151 -0.11986 -0.03104 -0.0319 -0.03147 -0.33292 -0.34219 -0.33756 

O21 -0.22254 -0.0552 -0.13887 -0.05843 -0.01449 -0.03646 -0.62672 -0.15544 -0.39108 

C22 -0.19263 -0.08332 -0.13798 -0.05057 -0.02188 -0.03623 -0.54248 -0.23466 -0.38857 

H23 -0.05145 -0.03474 -0.0431 -0.01351 -0.00912 -0.01132 -0.14489 -0.09785 -0.12137 

C24 -0.04181 -0.07419 -0.058 -0.01098 -0.01948 -0.01523 -0.11774 -0.20893 -0.16334 

H25 -0.07691 -0.03607 -0.05649 -0.02019 -0.00947 -0.01483 -0.21658 -0.10159 -0.15909 

C26 -0.07351 -0.06119 -0.06735 -0.0193 -0.01606 -0.01768 -0.20702 -0.17231 -0.18966 

C27 -0.06799 -0.06436 -0.06618 -0.01785 -0.0169 -0.01737 -0.19148 -0.18125 -0.18637 
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C28 -0.04366 -0.05013 -0.04689 -0.01146 -0.01316 -0.01231 -0.12296 -0.14117 -0.13206 

C29 -0.04552 -0.05397 -0.04975 -0.01195 -0.01417 -0.01306 -0.1282 -0.15199 -0.14009 

C30 -0.07848 -0.08674 -0.08261 -0.0206 -0.02277 -0.02169 -0.22101 -0.24426 -0.23264 

H31 -0.03315 -0.03079 -0.03197 -0.0087 -0.00808 -0.00839 -0.09336 -0.08671 -0.09003 

H32 -0.03465 -0.0276 -0.03112 -0.0091 -0.00725 -0.00817 -0.09758 -0.07772 -0.08765 

H33 -0.02631 -0.02818 -0.02724 -0.00691 -0.0074 -0.00715 -0.0741 -0.07935 -0.07672 

H34 -0.02701 -0.02919 -0.0281 -0.00709 -0.00766 -0.00738 -0.07607 -0.0822 -0.07914 

F35 -0.04471 -0.05949 -0.0521 -0.01174 -0.01562 -0.01368 -0.12591 -0.16754 -0.14672 

 

Table S14 – Calculated local reactivity descriptors for the title chalcone using the 

mPW1PW91/6-311++G(d,p) basis set.  

  mPW1PW91  

Atom 𝜂𝑘
+ 𝜂𝑘

− 𝜂𝑘
𝑜 𝑠𝑘

+ 𝑠𝑘
− 𝑠𝑘

𝑜 𝜔𝑘
+ 𝜔𝑘

− 𝜔𝑘
𝑜 

C1 -0.04195 -0.11029 -0.07612 -0.00916 -0.02409 -0.01663 -0.10007 -0.26307 -0.18157 

C2 -0.07728 -0.12249 -0.09989 -0.01688 -0.02676 -0.02182 -0.18434 -0.29217 -0.23826 

C3 -0.0824 -0.07784 -0.08012 -0.018 -0.017 -0.0175 -0.19655 -0.18567 -0.19111 

C4 -0.03496 -0.15298 -0.09397 -0.00764 -0.03342 -0.02053 -0.0834 -0.3649 -0.22415 

C5 -0.063 -0.07193 -0.06747 -0.01376 -0.01571 -0.01474 -0.15027 -0.17158 -0.16092 

C6 -0.04418 -0.10688 -0.07553 -0.00965 -0.02335 -0.0165 -0.10537 -0.25495 -0.18016 

H7 -0.02416 -0.04803 -0.03609 -0.00528 -0.01049 -0.00788 -0.05763 -0.11457 -0.0861 

H8 -0.04689 -0.04352 -0.0452 -0.01024 -0.00951 -0.00987 -0.11185 -0.1038 -0.10782 

H9 -0.02718 -0.04928 -0.03823 -0.00594 -0.01077 -0.00835 -0.06483 -0.11756 -0.09119 

H10 -0.03101 -0.03872 -0.03487 -0.00677 -0.00846 -0.00762 -0.07397 -0.09236 -0.08317 

N11 -0.01999 -0.1304 -0.0752 -0.00437 -0.02848 -0.01643 -0.04769 -0.31104 -0.17936 

C12 -0.03021 -0.05831 -0.04426 -0.0066 -0.01274 -0.00967 -0.07206 -0.13908 -0.10557 

C13 -0.00997 -0.02143 -0.0157 -0.00218 -0.00468 -0.00343 -0.02378 -0.05111 -0.03745 

H14 -0.00653 -0.01547 -0.011 -0.00143 -0.00338 -0.0024 -0.01559 -0.03689 -0.02624 

H15 -0.00999 -0.02187 -0.01593 -0.00218 -0.00478 -0.00348 -0.02382 -0.05216 -0.03799 

H16 -0.01015 -0.02195 -0.01605 -0.00222 -0.0048 -0.00351 -0.02422 -0.05236 -0.03829 

O17 -0.03837 -0.11925 -0.07881 -0.00838 -0.02605 -0.01721 -0.09151 -0.28445 -0.18798 

H18 -0.01516 -0.05147 -0.03332 -0.00331 -0.01124 -0.00728 -0.03616 -0.12277 -0.07947 

C19 -0.22355 -0.03167 -0.12761 -0.04883 -0.00692 -0.02787 -0.53322 -0.07554 -0.30438 
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C20 -0.13342 -0.11207 -0.12274 -0.02914 -0.02448 -0.02681 -0.31823 -0.26731 -0.29277 

O21 -0.2504 -0.0579 -0.15415 -0.05469 -0.01265 -0.03367 -0.59726 -0.1381 -0.36768 

C22 -0.21632 -0.08426 -0.15029 -0.04725 -0.0184 -0.03283 -0.51598 -0.20098 -0.35848 

H23 -0.05759 -0.0328 -0.04519 -0.01258 -0.00716 -0.00987 -0.13737 -0.07823 -0.1078 

C24 -0.04466 -0.06727 -0.05596 -0.00975 -0.01469 -0.01222 -0.10652 -0.16046 -0.13349 

H25 -0.0846 -0.03567 -0.06013 -0.01848 -0.00779 -0.01314 -0.2018 -0.08507 -0.14344 

C26 -0.08021 -0.05716 -0.06869 -0.01752 -0.01249 -0.015 -0.19132 -0.13635 -0.16383 

C27 -0.07484 -0.06074 -0.06779 -0.01635 -0.01327 -0.01481 -0.17852 -0.14487 -0.1617 

C28 -0.04676 -0.04602 -0.04639 -0.01021 -0.01005 -0.01013 -0.11153 -0.10977 -0.11065 

C29 -0.04854 -0.04942 -0.04898 -0.0106 -0.0108 -0.0107 -0.11578 -0.11789 -0.11683 

C30 -0.08576 -0.08107 -0.08342 -0.01873 -0.01771 -0.01822 -0.20456 -0.19338 -0.19897 

H31 -0.03595 -0.02862 -0.03229 -0.00785 -0.00625 -0.00705 -0.08575 -0.06828 -0.07701 

H32 -0.03735 -0.02544 -0.0314 -0.00816 -0.00556 -0.00686 -0.08909 -0.06069 -0.07489 

H33 -0.02816 -0.02587 -0.02702 -0.00615 -0.00565 -0.0059 -0.06718 -0.0617 -0.06444 

H34 -0.02883 -0.02681 -0.02782 -0.0063 -0.00586 -0.00608 -0.06876 -0.06395 -0.06635 

F35 -0.04849 -0.05443 -0.05146 -0.01059 -0.01189 -0.01124 -0.11566 -0.12984 -0.12275 

 

Table S15 – Calculated local reactivity descriptors for the title chalcone using the M06-2X/6-

311++G(d,p) basis set.  

  M06-2X  

Atom 𝜂𝑘
+ 𝜂𝑘

− 𝜂𝑘
𝑜 𝑠𝑘

+ 𝑠𝑘
− 𝑠𝑘

𝑜 𝜔𝑘
+ 𝜔𝑘

− 𝜔𝑘
𝑜 

C1 -0.05438 -0.21931 -0.13684 -0.00582 -0.02346 -0.01464 -0.06682 -0.26949 -0.16816 

C2 -0.10172 -0.24986 -0.17579 -0.01088 -0.02673 -0.01881 -0.125 -0.30704 -0.21602 

C3 -0.11035 -0.14381 -0.12708 -0.01181 -0.01539 -0.0136 -0.1356 -0.17671 -0.15616 

C4 -0.04224 -0.33442 -0.18833 -0.00452 -0.03578 -0.02015 -0.05191 -0.41094 -0.23143 

C5 -0.08509 -0.12994 -0.10751 -0.0091 -0.0139 -0.0115 -0.10456 -0.15968 -0.13212 

C6 -0.05499 -0.2534 -0.1542 -0.00588 -0.02711 -0.0165 -0.06757 -0.31139 -0.18948 

H7 -0.03175 -0.09537 -0.06356 -0.0034 -0.0102 -0.0068 -0.03902 -0.11719 -0.0781 

H8 -0.0624 -0.08338 -0.07289 -0.00668 -0.00892 -0.0078 -0.07668 -0.10246 -0.08957 

H9 -0.03489 -0.10601 -0.07045 -0.00373 -0.01134 -0.00754 -0.04288 -0.13026 -0.08657 

H10 -0.04537 -0.07634 -0.06086 -0.00485 -0.00817 -0.00651 -0.05575 -0.09381 -0.07478 

N11 -0.02502 -0.29935 -0.16218 -0.00268 -0.03203 -0.01735 -0.03075 -0.36785 -0.1993 
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C12 -0.03247 -0.11108 -0.07178 -0.00347 -0.01188 -0.00768 -0.0399 -0.1365 -0.0882 

C13 -0.01114 -0.04331 -0.02723 -0.00119 -0.00463 -0.00291 -0.01369 -0.05322 -0.03346 

H14 -0.0083 -0.03437 -0.02133 -0.00089 -0.00368 -0.00228 -0.0102 -0.04224 -0.02622 

H15 -0.0102 -0.043 -0.0266 -0.00109 -0.0046 -0.00285 -0.01254 -0.05284 -0.03269 

H16 -0.01067 -0.04179 -0.02623 -0.00114 -0.00447 -0.00281 -0.01311 -0.05135 -0.03223 

O17 -0.04479 -0.24572 -0.14525 -0.00479 -0.02629 -0.01554 -0.05504 -0.30194 -0.17849 

H18 -0.01948 -0.11375 -0.06662 -0.00208 -0.01217 -0.00713 -0.02394 -0.13978 -0.08186 

C19 -0.34255 -0.05492 -0.19873 -0.03665 -0.00588 -0.02126 -0.42093 -0.06749 -0.24421 

C20 -0.1994 -0.00991 -0.10465 -0.02133 -0.00106 -0.0112 -0.24503 -0.01218 -0.1286 

O21 -0.38275 -0.14403 -0.26339 -0.04095 -0.01541 -0.02818 -0.47033 -0.17698 -0.32366 

C22 -0.33965 -0.05735 -0.1985 -0.03634 -0.00614 -0.02124 -0.41738 -0.07047 -0.24393 

H23 -0.08934 -0.01528 -0.05231 -0.00956 -0.00163 -0.0056 -0.10978 -0.01877 -0.06428 

C24 -0.06086 -0.00724 -0.03405 -0.00651 -0.00077 -0.00364 -0.07478 -0.0089 -0.04184 

H25 -0.13111 -0.02503 -0.07807 -0.01403 -0.00268 -0.00835 -0.16111 -0.03076 -0.09593 

C26 -0.11559 -0.01542 -0.06551 -0.01237 -0.00165 -0.00701 -0.14204 -0.01895 -0.0805 

C27 -0.10715 -0.01868 -0.06291 -0.01146 -0.002 -0.00673 -0.13166 -0.02295 -0.07731 

C28 -0.06416 -0.01104 -0.0376 -0.00686 -0.00118 -0.00402 -0.07884 -0.01357 -0.0462 

C29 -0.06582 -0.01151 -0.03867 -0.00704 -0.00123 -0.00414 -0.08088 -0.01414 -0.04751 

C30 -0.12254 -0.02013 -0.07133 -0.01311 -0.00215 -0.00763 -0.15058 -0.02474 -0.08766 

H31 -0.05174 -0.00882 -0.03028 -0.00554 -0.00094 -0.00324 -0.06358 -0.01084 -0.03721 

H32 -0.05405 -0.00683 -0.03044 -0.00578 -0.00073 -0.00326 -0.06642 -0.0084 -0.03741 

H33 -0.03899 -0.00695 -0.02297 -0.00417 -0.00074 -0.00246 -0.04791 -0.00854 -0.02822 

H34 -0.03961 -0.0074 -0.02351 -0.00424 -0.00079 -0.00251 -0.04868 -0.00909 -0.02888 

F35 -0.06549 -0.01211 -0.0388 -0.00701 -0.0013 -0.00415 -0.08048 -0.01488 -0.04768 

 

Table S16 – Calculated the Dual (∆f) and the multiphilic descriptors (∆ω) for the PAAPFBA 

chalcone.  

 B3LYP mPW1PW91 M06-2X 

Atom ∆f ∆ω ∆f ∆ω ∆f ∆ω 

C1 0.025911 0.142409 0.031938 0.16300 0.053947 0.202668 

C2 0.01409 0.07744 0.021128 0.10783 0.048456 0.182039 

C3 -0.00559 -0.0307 -0.00213 -0.01088 0.010943 0.041111 
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C4 0.044895 0.246747 0.055157 0.28150 0.095568 0.35903 

C5 0.001099 0.00604 0.004177 0.02132 0.014671 0.055116 

C6 0.02186 0.120145 0.029307 0.14957 0.064901 0.24382 

H7 0.008795 0.048338 0.011157 0.05694 0.020808 0.078171 

H8 -0.00363 -0.01997 -0.00158 -0.00805 0.006864 0.025787 

H9 0.007508 0.041265 0.010331 0.05273 0.023261 0.087387 

H10 0.001886 0.010366 0.003603 0.01839 0.010131 0.03806 

N11 0.043267 0.237799 0.051601 0.26335 0.089731 0.337101 

C12 0.009645 0.05301 0.013132 0.06702 0.025711 0.096591 

C13 0.004126 0.022677 0.005356 0.02734 0.010521 0.039525 

H14 0.003284 0.018049 0.004174 0.02130 0.008529 0.032042 

H15 0.00424 0.023303 0.005553 0.02834 0.010727 0.040299 

H16 0.004203 0.0231 0.005515 0.02815 0.010179 0.03824 

O17 0.030582 0.168081 0.037804 0.19294 0.065721 0.2469 

H18 0.01407 0.07733 0.01697 0.08661 0.030836 0.115845 

C19 -0.08551 -0.46998 -0.08968 -0.45768 -0.09408 -0.35344 

C20 0.001687 0.009272 -0.00998 -0.05092 -0.06198 -0.23285 

O21 -0.08575 -0.47128 -0.08997 -0.45916 -0.07809 -0.29335 

C22 -0.05601 -0.30782 -0.06172 -0.31500 -0.09234 -0.3469 

H23 -0.00856 -0.04705 -0.01159 -0.05915 -0.02423 -0.09101 

C24 0.016591 0.091186 0.010569 0.05394 -0.01754 -0.06589 

H25 -0.02092 -0.11499 -0.02287 -0.11673 -0.0347 -0.13035 

C26 -0.00632 -0.03471 -0.01077 -0.05497 -0.03276 -0.12309 

C27 -0.00186 -0.01023 -0.00659 -0.03365 -0.02894 -0.10871 

C28 0.003313 0.018209 -0.00035 -0.00176 -0.01737 -0.06527 

C29 0.004329 0.023793 0.000414 0.00211 -0.01777 -0.06674 

C30 0.004231 0.023254 -0.00219 -0.01118 -0.0335 -0.12584 

H31 -0.00121 -0.00665 -0.00342 -0.01747 -0.01404 -0.05274 

H32 -0.00361 -0.01986 -0.00556 -0.02840 -0.01545 -0.05802 

H33 0.000955 0.005249 -0.00107 -0.00548 -0.01048 -0.03938 

H34 0.001115 0.006128 -0.00094 -0.00481 -0.01054 -0.03959 
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F35 0.007574 0.041627 0.002778 0.01418 -0.01746 -0.0656 

 

Table S17 – Natural Bond Orbital (NBO) results of the significant donor-acceptor transitions 

and the second-order perturbation theory analysis of the Fock matrix for the PAAPFBA 

chalcone using the B3LYP/6-311++G(d,p) basis set. 

Type Donor Type Acceptor Δ𝐸𝑖𝑗(kcal.mol-1 𝐸(𝑗) −  𝐸(𝑖) (a.u.) 𝐹(𝑖,𝑗) (a.u.) 

σ C1 - C2 σ* C1 - C3 2.6 1.28 0.052 

π C1 - C3 π* C2 - C6 23.2 0.27 0.072 

π C1 - C3 π* C4 - C5 17.03 0.28 0.063 

π C2 - C6 π* C1 - C3 15.38 0.29 0.062 

π C2 - C6 π* C4 - C5 24.3 0.29 0.075 

π C4 - C5 π* C1 - C3 20.99 0.29 0.071 

π C4 - C5 π* C2 - C6 18.65 0.27 0.064 

π C4 - C5 π* C19 - O21 20.97 0.27 0.069 

σ C4 - C19 RY* C20 1.32 1.65 0.042 

σ C4 - C19 RY* O21 0.8 1.46 0.031 

σ C4 - C19 σ* C1 - C3 2.22 1.23 0.047 

σ C4 - C19 σ* C19 - C20 0.86 1.09 0.028 

σ C4 - C19 σ* C19 - O21 1.19 1.21 0.034 

σ C4 - C19 σ* C20 - C22 1.61 1.28 0.041 

σ C5 - C6 σ* C2 - C6 3.07 1.26 0.056 

σ C5 - C6 σ* C2 - N11 3.6 1.13 0.057 

σ C5 - C6 σ* C4 - C5 3.25 1.28 0.057 

σ C5 - C6 σ* C4 - C19 3.24 1.14 0.055 

σ C5 - C6 σ* C5 - H10 1.02 1.16 0.031 

σ C5 - C6 σ* C6 - H9 1.21 1.15 0.033 

σ N11 - H18 σ* C1 - C2 4.16 1.21 0.064 

σ N11 - H18 σ* C12 - O17 4.59 1.25 0.068 

σ C12 - O17 σ* N11 - H18 1.13 1.46 0.036 

σ C12 - O17 σ* C12 - C13 1.2 1.44 0.038 

π C12 - O17 π* C12 - O17 0.86 0.38 0.017 

σ C13 - H14 σ* N11 - C12 0.58 0.96 0.021 
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σ C13 - H14 σ* C12 - O17 4.78 1.1 0.065 

σ C13 - H15 σ* N11 - C12 2.06 0.95 0.04 

σ C13 - H15 π* C12 - O17 4.18 0.51 0.044 

σ C13 - H16 σ* N11 - C12 1.56 0.95 0.035 

σ C13 - H16 π* C12 - O17 5.07 0.51 0.049 

σ C19 - C20 σ* C22 - C24 3.93 1.14 0.06 

σ C19 - O21 σ* C4 - C5 1.33 1.61 0.042 

π C19 - O21 π* C4 - C5 4.35 0.4 0.041 

π C19 - O21 π* C20 - C22 3.55 0.41 0.035 

π C20 - C22 π* C19 - O21 21.72 0.29 0.072 

π C20 - C22 π* C24 - C27 11.55 0.3 0.055 

σ C20 - H23 σ* C19 - O21 3.88 1.09 0.058 

σ C20 - H23 σ* C20 - C22 1.59 1.15 0.038 

σ C20 - H23 σ* C22 - H25 4.35 1 0.059 

σ C22 - H25 σ* C19 - C20 0.6 0.95 0.021 

σ C22 - H25 σ* C20 - C22 1.27 1.14 0.034 

σ C22 - H25 σ* C20 - H23 5.49 0.95 0.065 

σ C22 - H25 σ* C24 - C26 4.88 1.07 0.065 

π C24 - C27 π* C20 - C22 17.65 0.29 0.069 

π C24 - C27 π* C26 - C28 20.65 0.28 0.069 

π C26 - C28 π* C24 - C27 17.33 0.29 0.064 

π C29 - C30 π* C24 - C27 21.34 0.3 0.072 

π C29 - C30 π* C26 - C28 17.32 0.3 0.065 

σ C30 - F35 σ* C28 - H33 1.58 5.56 0.084 

LP (1) N11 π* C2 - C6 35.2 0.29 0.091 

LP (1) N11 π* C12 - O17 59.71 0.28 0.117 

LP (1) O17 RY* C12 16.55 1.72 0.151 

LP (2) O17 σ* N11 - C12 24.48 0.71 0.119 

LP (2) O17 σ* C12 - C13 17.49 0.64 0.097 

LP (1) O21 RY* C19 13.3 1.6 0.13 

LP (2) O21 σ* C4 - C19 18.09 0.69 0.101 
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LP (2) O21 σ* C19 - C20 18.19 0.7 0.102 

π* C2 - C6 π* C1 - C3 186.48 0.01 0.081 

π* C19 - O21 π* C4 - C5 196.44 0.01 0.072 

π* C19 - O21 π* C20 - C22 52.58 0.02 0.073 

 

Table S18 – Natural Bond Orbital (NBO) results of the significant donor-acceptor transitions 

and the second-order perturbation theory analysis of the Fock matrix for the PAAPFBA 

chalcone using the mPW1PW91/6-311++G(d,p) basis set. 

Type Donor Type Acceptor Δ𝐸𝑖𝑗(kcal.mol-1) 𝐸(𝑗) −  𝐸(𝑖) (a.u.) 𝐹(𝑖,𝑗) (a.u.) 

σ C1 - C2  σ* C1 - C3 2.79 1.32 0.054 

π C1 - C2  σ* C1 - H7 1.18 1.21 0.034 

σ C1 - C2  σ* C2 - C6 4.2 1.29 0.066 

π C1 - C3  π* C2 - C6 25.01 0.29 0.077 

π C1 - C3  π* C4 - C5 18.28 0.3 0.067 

π C2 - C6  π* C1 - C3 16.43 0.31 0.065 

π C2 - C6  π* C4 - C5 26.43 0.3 0.08 

π C4 - C5  π* C1 - C3 22.63 0.3 0.076 

π C4 - C5  π* C2 - C6 19.75 0.29 0.068 

π C4 - C5  π* C19 - O21 21.75 0.29 0.073 

σ C4 - C19  σ* C1 - C3 2.29 1.27 0.048 

σ C4 - C19  σ* C3 - C4 2.3 1.24 0.048 

σ C4 - C19  σ* C4 - C5 2.45 1.26 0.05 

σ C5 - C6  σ* C2 - C6 3.27 1.3 0.058 

σ C5 - C6  σ* C2 - N11 3.65 1.17 0.059 

σ N11 - H18  RY* C2 1.83 2.13 0.056 

σ N11 - H18  RY* C12 1.49 2.57 0.055 

σ N11 - H18  σ* C1 - C2 4.3 1.25 0.066 

σ N11 - H18  σ* C12 - O17 4.72 1.3 0.07 

σ C13 - H14  RY* C12 0.72 2.42 0.037 

σ C13 - H14  σ* N11 - C12 0.65 1 0.023 

σ C13 - H14  σ* C12 - O17 4.97 1.14 0.067 
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σ C13 - H15  σ* N11 - C12 2.19 0.99 0.042 

σ C13 - H15  π* C12 - O17 4.41 0.54 0.046 

σ C13 - H16  RY* C12 0.54 1.81 0.028 

σ C13 - H16  σ* N11 - C12 1.54 0.99 0.035 

σ C13 - H16  π* C12 - O17 5.63 0.54 0.052 

σ C20 - C22  σ* C4 - C19 2.01 1.21 0.044 

σ C20 - C22  σ* C19 - C20 2.49 1.22 0.05 

σ C20 - C22  σ* C20 - H23 1.75 1.22 0.041 

σ C20 - C22  σ* C22 - C24 3.23 1.26 0.057 

σ C20 - C22  σ* C22 - H25 1.27 1.26 0.036 

σ C20 - C22  σ* C24 - C27 2.04 1.34 0.047 

π C20 - C22  π* C19 - O21 22.87 0.31 0.077 

π C20 - C22  π* C24 - C27 11.91 0.31 0.058 

σ C20 - H23  σ* C19 - O21 3.97 1.13 0.06 

σ C20 - H23  σ* C20 - C22 1.73 1.19 0.041 

σ C20 - H23  σ* C22 - H25 4.47 1.03 0.061 

σ C22 - H25  σ* C19 - C20 0.67 0.98 0.023 

σ C22 - H25  σ* C20 - C22 1.36 1.17 0.036 

σ C22 - H25  σ* C20 - H23 5.73 0.98 0.067 

σ C22 - H25  σ* C24 - C26 4.99 1.11 0.066 

π C24 - C27  π* C20 - C22 18.48 0.31 0.073 

π C24 - C27  π* C26 - C28 22.29 0.3 0.074 

π C26 - C28  π* C24 - C27 18.52 0.3 0.068 

π C29 - C30  π* C24 - C27 23.42 0.31 0.077 

π C29 - C30  π* C26 - C28 18.42 0.32 0.069 

σ C30 - F35  σ* C28 - H33 1.66 5.65 0.087 

LP (1) N11 π* C2 - C6 37.54 0.3 0.096 

LP (1) N11 π* C12 - O17 62.85 0.3 0.124 

LP (1) O17 RY* C12 16.67 1.79 0.154 

LP (2) O17 σ* N11 - C12 25.67 0.74 0.125 

LP (2) O17 σ* C12 - C13 18.43 0.68 0.102 
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LP (1) O21 RY* C19 13.44 1.65 0.133 

LP (2) O21 σ* C4 - C19 19.08 0.73 0.106 

LP (2) O21 σ* C19 - C20 19.25 0.74 0.108 

LP (1) F35 RY* C30 8.1 2.26 0.121 

π* C2 - C6  π* C1 - C3 193.42 0.02 0.084 

π* C19 - O21  π* C20 - C22 59.03 0.02 0.075 

π* C24 - C27 π* C20 - C22 84.83 0.02 0.069 

 

Table S19 – Natural Bond Orbital (NBO) results of the significant donor-acceptor transitions 

and the second-order perturbation theory analysis of the Fock matrix for the PAAPFBA 

chalcone using the M06-2X/6-311++G(d,p) basis set. 

Type Donor Type Acceptor Δ𝐸𝑖𝑗(kcal.mol-1) 𝐸(𝑗) −  𝐸(𝑖) (a.u.) 𝐹(𝑖,𝑗) (a.u.) 

σ C1 - C3 σ* C1 - C2 3.45 1.4 0.062 

σ C1 - C3 σ* C1 - H7 1.55 1.32 0.041 

σ C1 - C3 σ* C2 - N11 4.99 1.27 0.071 

σ C1 - C3 σ* C3 - C4 4.11 1.39 0.068 

π C1 - C2 π* C3 - C4 35.76 0.36 0.101 

π C1 - C2 π* C5 - C6 23.11 0.36 0.083 

σ C2 - C6 σ* C1 - C2 4.45 1.4 0.071 

σ C2 - C6 σ* C1 - H7 2.37 1.33 0.05 

σ C2 - C6 σ* C2 - N11 1.23 1.27 0.035 

σ C2 - C6 σ* C5 - C6 3.36 1.43 0.062 

σ C2 - C6 σ* C5 - H10 2.33 1.31 0.049 

σ C2 - C6 σ* C6 - H9 1.1 1.29 0.034 

σ C2 - C6 σ* N11 - C12 3.36 1.29 0.06 

π C3 - C4 π* C1 - C2 25.01 0.34 0.083 

π C3 - C4 π* C5 - C6 31.44 0.35 0.095 

π C3 - C4 π* C19 - O21 21.79 0.36 0.083 

σ C4 - C5 σ* C3 - C4 4.63 1.39 0.072 

σ C4 - C5 σ* C3 - H8 2.56 1.31 0.052 

σ C4 - C5 σ* C4 - C19 1.95 1.27 0.045 
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σ C4 - C19 σ* C1 - C3 2.43 1.37 0.052 

σ C4 - C19 σ* C3 - C4 2.53 1.34 0.052 

σ C4 - C19 σ* C4 - C5 2.58 1.36 0.053 

σ C4 - C5 σ* C5 - C6 3.41 1.43 0.062 

π C5 - C6 π* C1 - C2 30.08 0.36 0.094 

π C5 - C6 π* C3 - C4 23.11 0.36 0.083 

σ C13 - H14 RY* C12 0.53 2.52 0.033 

σ C13 - H14 σ* C12 - O17 3.99 1.26 0.063 

σ C13 - H14 π* C12 - O17 2.76 0.64 0.04 

σ C13 - H15 σ* N11 - C12 4.42 1.08 0.063 

σ C13 - H15 σ* C12 - O17 0.63 1.26 0.025 

σ C13 - H15 π* C12 - O17 0.78 0.63 0.021 

σ C13 - H16 σ* C12 - O17 1.05 1.26 0.033 

σ C13 - H16 π* C12 - O17 7.59 0.63 0.066 

π C20 - C22 π* C19 - O21 24.28 0.4 0.089 

π C20 - C22 π* C24 - C27 12.19 0.38 0.065 

σ C20 - H23 σ* C19 - O21 4.01 1.25 0.063 

σ C20 - H23 σ* C20 - C22 2.14 1.29 0.047 

σ C20 - H23 σ* C22 - H25 4.95 1.15 0.067 

σ C22 - H25 σ* C19 - C20 0.79 1.07 0.026 

σ C22 - H25 σ* C20 - C22 1.63 1.27 0.041 

σ C22 - H25 σ* C20 - H23 6.27 1.09 0.074 

σ C22 - H25 σ* C24 - C26 5.09 1.21 0.07 

σ C24 - C26 σ* C22 - C24 3.13 1.31 0.057 

σ C24 - C26 σ* C24 - C27 4.15 1.4 0.068 

σ C24 - C26 σ* C26 - C28 3.21 1.43 0.061 

π C24 - C27 π* C20 - C22 19.37 0.38 0.083 

π C24 - C27 π* C26 - C28 29.02 0.35 0.092 

π C26 - C28 π* C24 - C27 24.52 0.36 0.085 

π C29 - C30 π* C24 - C27 31.26 0.37 0.097 

π C29 - C30 π* C26 - C28 24.32 0.37 0.086 
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LP (1) N11 π* C1 - C2 44.16 0.37 0.115 

LP (1) N11 π* C12 - O17 72.62 0.37 0.15 

LP (1) O17 RY* C12 18.27 1.84 0.164 

LP (2) O17 σ* N11 - C12 29.71 0.85 0.143 

LP (2) O17 σ* C12 - C13 20.82 0.79 0.116 

LP (1) O21 RY* C19 14.76 1.74 0.143 

LP (2) O21 σ* C4 - C19 21.67 0.83 0.121 

LP (2) O21 σ* C19 - C20 22.19 0.84 0.123 

π* C19 - O21 π* C20 - C22 62.86 0.02 0.078 

π* C24 - C27 π* C20 - C22 52.62 0.03 0.073 
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Chapter 2 

 

 

In silico study of the potential interactions of 4′-acetamidechalcones with 

protein targets in SARS-CoV-2 
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RESUMO 

A emergência sanitária gerada pela pandemia da COVID-19 instiga a busca de estratégias 

científicas para mitigar os danos causados pela doença a diferentes setores da sociedade. A 

doença causada pelo coronavírus, SARS-CoV-2, já atingiu 216 países/territórios, onde cerca de 

20 milhões de pessoas foram notificadas com a infecção. Destes, mais de 740.000 morreram. 

Diante da situação, as estratégias envolvendo o desenvolvimento de novas moléculas antivirais 

são extremamente importantes. O presente trabalho avaliou, por meio de ensaios de docking 

molecular, as interações dos derivados da 4′-acetamide-chalcona com alvos enzimáticos e 

estruturais do SARS-CoV-2 e com a ACE2 do hospedeiro, que é reconhecida pelo vírus, 

facilitando assim sua entrada nas células. Portanto, observou-se que, em relação às interações 

das chalconas com a protease principal (Mpro), a chalcona N-(4′-[(2E)-3-(4-fluorofenil)-1-

(fenil) prop-2-en-1-ona]) acetamida (PAAPF) tem potencial para se acoplar na mesma região 

que o inibidor natural FJC por meio de fortes ligações de hidrogênio. A formação de duas fortes 

ligações de hidrogênio entre N-(4’-[(2E)-3-(fenil)-1-(fenil)-prop-2-en-1-ona]) acetamida 

(PAAB) e o heterodímero NSP16-NSP10 metiltransferase também foi observada. As chalconas 

N-(4’-[(2E) -3- (4-metoxifenil)-1- (fenil)-prop-2-en-1-ona]) acetamida (PAAPM) e N-(4’-[(2E) 

-3-(4-etoxifenil)-1- (fenil) prop-2-en-1-ona]) acetamida (PAAPE) mostraram pelo menos uma 

forte interação com a proteína SPIKE. A chalcona N-(4’-[(2E)-3-(4-dimetilaminofenil)-1- 

(fenil)-prop-2-en-1-ona]) acetamida (PAAPA) teve melhor afinidade com ACE2 do hospedeiro 

humano, mostrando fortes interações via ligação de hidrogênio. Nossos resultados sugerem que 

as 4'-acetamida-chalconas inibem a interação do vírus com as células hospedeiras através da 

ligação à proteína ACE2 ou SPIKE, provavelmente gerando um impedimento estérico. Além 

disso, as chalconas apresentam afinidade por enzimas importantes em processos pós-

traducionais, interferindo na replicação viral. 

 

Palavras-chave: Chalconas, Docking molecular, SPIKE, ACE2.  
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ABSTRACT 

The sanitary emergency generated by the pandemic COVID-19, instigates the search for 

scientific strategies to mitigate the damage caused by the disease to different sectors of society. 

The disease caused by the coronavirus, SARS-CoV-2, reached 216 countries / territories, where 

about 20 million people were reported with the infection. Of these, more than 740,000 died. In 

view of the situation, strategies involving the development of new antiviral molecules are 

extremely important. The present work evaluated, through molecular docking assays, the 

interactions of 4′-acetamidechalcones with enzymatic and structural targets of SARS-CoV-2 

and with the host's ACE2, which is recognized by the virus, facilitating its entry into cells. 

Therefore, it was observed that, regarding the interactions of chalcones with Main protease 

(Mpro), the chalcone N-(4′[(2E)-3-(4-flurophenyl)-1-(phenyl)prop-2-en-1-one]) acetamide 

(PAAPF) has the potential for coupling in the same region as the natural inhibitor  FJC through 

strong hydrogen bonding. The formation of two strong hydrogen bonds between N-(4[(2E)-3-

(phenyl)-1-(phenyl)-prop-2-en-1-one]) acetamide (PAAB) and the NSP16-NSP10 heterodimer 

methyltransferase was also noted. N-(4[(2E)-3-(4-methoxyphenyl)-1-(phenyl)prop-2-en-1-

one]) acetamide (PAAPM) and N-(4-[(2E)-3-(4-ethoxyphenyl)-1-(phenyl)prop-2-en-1-one]) 

acetamide (PAAPE) chalcones showed at least one strong intensity interaction of the SPIKE 

protein. N-(4[(2E)-3-(4-dimetilaminophenyl)-1-(phenyl)-prop-2-en-1-one]) acetamide 

(PAAPA) chalcone had a better affinity with ACE2, with strong hydrogen interactions. Together, 

our results suggest that 4′-acetamidechalcones inhibit the interaction of the virus with host 

cells through binding to ACE2 or SPIKE protein, probably generating a steric impediment. In 

addition, chalcones have an affinity for important enzymes in post-translational processes, 

interfering with viral replication. 

 

Keywords: Chalcone, Molecular Docking, SPIKE, ACE2. 
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1 Introduction  
 

The health problem caused by the COVID-19 pandemic can be measured by the numbers 

of cases and deaths confirmed by the disease globally. In Brazil, community transmission is 

observed, with the collapse of the Health System in some regions. As it is an infection triggered 

by a new coronavirus (SARS-CoV-2), the pathophysiology of COVID-19 is little known and 

there is no specific treatment for the disease [1,2].  

The search for new candidates for antiviral drugs has made great progress in recent years 

with the discovery of molecular targets, the development of organic synthesis and the discovery 

of new bioactives substances. A big number of techniques have been used in the search for new 

antiviral drugs. Despite the great progress, the arsenal of antiviral drugs is still small [1]. In this 

sense, strategies involving the development and validation of new antiviral molecules have been 

considered.  

Chalcones, known as α, β-unsaturated ketones (1,3-diaryl-2-propene-1-one) are a class 

of naturally occurring compounds belonging to the flavonoid family. They can be obtained from 

natural sources or by synthesis, and are widely distributed in fruits, vegetables, and tea [3]. The 

double connection together with carbonyl group are possibly responsible for diverse biological 

activities such as antibacterial,  antioxidant, anti-inflammatory and antiparasitic [4].  

Antiviral properties of chalcones have been recorded in studies with plant viruses and 

human rhinoviruses [5]. Antiviral studies [6] with chalcones containing hydroxy and methoxy 

groups, confirm that the activity is dependent on the nature of the group and its positions in the 

aromatic rings. Santos [7] reports in a recent study the evaluation of the antiviral activity of 

hydroxychalcones and synthetic curcuminoids against infection caused by HPV in vitro.  

Therefore, in this work, for the first time acetamide chalcones will be study theoretically 

by the Molecular Docking to characterize the inhibition power of the chalcones with the enzyme 

Mpro, methyltransferase, the SPIKE, and ACE2 proteins by the interaction energy and the 

distance of the compounds and the target protein’s amino acids.   

2 Material and methods 
 

2.1 Chalcones 

Using the methodological principle of synthesis the Claisen-Schmith reaction (in basic 

medium) [8], chalcones were synthesized from benzaldehydes and                                    

4-aminoacetophenone, both at a concentration of 2mmol. The reagents were added in a 

volumetric flask (25 mL), to which 5 mL of ethanolic NaOH solution (50%) were added. After 
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adding the ethanol solution, the mixtures were kept under stirring for 48 hours (at room 

temperature). TLC (n-hexane: ethyl acetate, 2: 1) was used to monitor the progress of the 

reaction. After 48 h, the reaction mixture was neutralized with diluted HCl (10%) and ice water 

added. The products were obtained using the filtration technique under reduced pressure, 

washing with cold water and recrystallization in ethanol.  To obtain the 4′-acetamidecalcones 

(1-6) (Figure 1), the acetylation reaction of the 4′-aminocalcones (2 mmol) with acetic 

anhydride (2 mmol) in buffered medium (5 mL) at pH = 5.0 with AcOH / AcONa was used [9]. 

 

 

Fig. 1.  Structural representation of the chalcones (1) PAAB (2) PAAPF (3) PAAPM (4) 

PAACN (5) PAAPA (6) PAAPE. 

From the data available in the database, Protein Data Bank (https://www.rcsb.org/), the 

structures of the following target proteins were obtained: Main protease COVID-19 (Mpro), 

NSP16-NSP10 SARS-CoV -2, SPIKE, and ACE2. Then, the proteins were prepared for analysis 

by removing all residues and adding polar hydrogens, producing favorable protonation states 

for molecular docking. The Main protease COVID-19 (Mpro) was identified in the repository 

as “The crystal structure of COVID-19 main protease in complex with an inhibitor N3” (PDB 

ID: 6LU7). The structure of this enzyme is deposited in the Protein Data Bank with a resolution 

of 2.16 Å, determined from X-ray diffraction R-Value Free: 0.235, R-Value Work: 0.202, R-

Value Observed: 0.204), classified as viral protein, Bat SARS-like coronavirus organism and 

Escherichia coli BL21 (DE3) expression system [10]. 

The enzyme structure of the methyltransferase complex, the NSP16-NSP10 SARS-

CoV-2 heterodimer, was identified in the repository as “1.98 Angstrom Resolution Crystal 

Structure of NSP16-NSP10 Heterodimer from SARS-CoV-2 in Complex with Sinefungin” 

about:blank


 

108 

(PDB ID: 6WKQ). The structure was deposited in the Protein Data Bank with a resolution of 

1.98 Å, determined from X-ray diffraction (R-Value Free: 0.180, R-Value Work: 0.162), 

classified as viral protein, severe acute respiratory syndrome coronavirus 2, and expression 

system Escherichia coli BL21 (DE3), Escherichia coli BL21 [11]. 

The structures of the SPIKE protein and the ACE2 enzyme were identified in the 

repository as “Crystal structure of SARS-CoV-2 spike receptor-binding domain bound with 

ACE2” (PDB ID: 6MOJ). The structures were deposited in the Protein Data Bank with a 

resolution of 2.45 Å, determined from X-ray diffraction (R-Value Free: 0.227, R-Value Work: 

0.192, R-Value Observed: 0.194), classified as viral protein/hydrolase, Homo sapiens organism, 

severe acute respiratory syndrome coronavirus 2, and Trichoplusia ni expression system [12]. 

 

2.2 Molecular docking 
 

 The interaction simulations between the selected inhibitors and proteins were performed 

using AutoDock Vina code (version 1.1.2), using 3-way multithreading, Lamarkian Genetic 

Algorithm [13]. The docking parameters: grid box sizes, centers, spacing and exhaustiveness to 

the proteins are given in Table S1 (Supplementary material). All grid boxes were configured to 

fit all the protein in the simulation for seeking the greater amplitude in the selection of molecular 

positions. As a standard procedure, one hundred (100) independent simulations were performed 

for all the target proteins, and it was obtained ten (10) positions each. As selection criteria, the 

simulations that showed positions with free binding energy (ΔG) below -6.0 kcal.mol-1 [14] and 

RMSD (Root Mean Square Deviation) values less than two thousand (2,000) [15] were 

analyzed. 

 For results analysis, image plotting, and generation of bi and tri-country maps, the 

Discovery Studio Visualizer [16] and UCSF Chimera  [17] codes were used. For statistical 

analysis, the Morpheus® online server (https://software.broadinstitute.org/morpheus/) was 

used, in which heat maps were generated to identify the ligand-residue interaction and similarity 

profiles by the Pearson statistical test [18]. 

Based on observations of the interactions of the molecules with the enzyme, the 

hydrogen bonds were plotted and classified according to previous studies that group interactions 

with distances between 2.5 and 3.1 Å as strong, from 3.1 to 3.55 Å as average and > 3.55 Å as 

weak [19]. 
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3 Results  

 

3.1 Interaction between the 4′-acetamidechalcones molecules and the Main protease (Mpro) 

 

The positions shown in Figure 2A were obtained from the simulations of interactions of 

4′-acetamidechalcones with Mpro by molecular docking. After comparative analyzes, it was 

noted that the PAAPF interacted with the enzyme at a site like that of the FJC inhibitor. Likewise, 

PAAB interacted at the same site as the antibiotic Azithromycin. Also, the reference drugs 

Anakinra and Remdesivir interacted in common sites, the same as for PAAPA. Additionally, 

PAAPM, PAACN, and PAAPE interacted with distinct sites from each other and different from 

any other reference inhibitor. 

 

 

Fig. 2. Theoretical calculations of the interaction between the FJC inhibitor, the reference drugs, 

and the chalcone derivatives with the enzyme Mpro (A). The bi-dimensional map of the 

hydrogen bonds and the hydrophobic interaction of the chalcone derivatives with the enzyme 

Mpro (B). 

 

To analyze the intensity and affinity of the interactions obtained in the molecular docking 

simulations, the values of the interaction energy and RMSD were collected, plotted, and 

compared (Table S2, Supplementary material). Interactions with energy < -6.0 kcal.mol-1 and 

RMSD < 2.0 were considered satisfactory. Therefore, based on these criteria, only the chalcone 

PAACN showed an affinity of -6.1 kcal.mol-1 with the enzyme Mpro, although this molecule 

does not have a binding site in common with the inhibitors, especially the natural inhibitor FJC. 

Concerning the reference inhibitor, azithromycin did not show good affinity when presenting 

energy of -5.8 kcal.mol-1. 
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To examine and describe the intrinsic characteristics of the interactions of                         

4′-acetamidechalcones molecules with the enzyme, the hydrogen bonds, and hydrophobic 

interactions were highlighted and compared with the reference ligands (Figure 2B). Since 

PAAPM, PAACN, and PAAPE did not show similarities with the reference ligands, those 

molecules were not considered for analysis. Table S3 (Supplementary material) shows the 

interaction distances between chalcones and the amino acid residues of the enzyme Mpro. Thus, 

detailed information about the interactions of the molecules with the enzyme was obtained. 

Initially, for the PAAPF chalcone, which has the potential for coupling in the same region as 

the FJC inhibitor, it has two significant interactions with the GLU166 residue, one of which is 

a strong hydrogen bond. The PAAB chalcone presented only interaction of hydrogen with the 

residue ARG298, which the Azithromycin did not interact; moreover, the Azithromycin 

presents most hydrophobic interactions, all with a distance higher than 3.5 Å. The PAAPA 

chalcone interacted with the enzyme through two hydrogen bonds, highlighting the ASP197 

residue in common with Anakinra and Remdesivir; it is important to notice that, among the 

reference drugs, Remdesivir interacted with the enzyme through five hydrogen bonds, mostly 

of moderate to strong intensity. 

 

3.2 Interaction with the methyltransferase heterodimer NSP16-NSP10 SARS-CoV-2 

 

The interactions of chalcones with the NSP16-NSP10 are illustrated in Figure 3A. Among 

the studied structures, PAACN and PAAPE did not show significant interaction with the enzyme. 

Besides, the other chalcones interacted in similar places. Table S4 (Supplementary material) 

lists the energies of the interactions and the respective RMSD; thus, it was possible to observe 

affinity values < -6.0 kcal.mol-1 for the four chalcones, obtaining values of up to -8.2 kcal.mol-

1 for PAAPF. All RMSD values were less than 2.0 Å, suggesting a satisfactory interaction 

between the molecules and the enzyme. 

The specification of the interactions of chalcones with the enzyme is illustrated in the bi-

dimensional maps contained in Figure 3B. The distances of the interactions are specified in 

Table S4 (Supplementary material). Therefore, it is possible to understand the formation of two 

strong hydrogen bonds between PAAB and the methyltransferase. The other chalcones also had 

two hydrogen bonds each, however, with an intermediate to weak intensity. 

 



 

111 

 

Fig. 3. Simulated interaction between the chalcones derivatives and the enzyme NSP16-NSP10 

SARS-CoV-2 heterodimer methyltransferase (A). The bi-dimensional map of the hydrogen 

bonds and the hydrophobic interaction between the chalcones derivatives and the enzyme 

NSP16-NSP10 SARS-CoV-2 heterodimer methyltransferase (B). 

 

3.3 Interactions with the SPIKE protein of the SARS-CoV-2 and with the ACE2 

To study the potential of the chalcone acetamide derivatives to inhibit the interaction of 

the virus that causes COVID-19 with the target cells, a simulation of the interaction of the 

chalcones with the heterodimeric proteins of the virus, the Spike proteins, was carried out. The 

illustrations of the coupling simulations are contained in Figure 4A. It was possible to observe 

that all chalcones had connections with similar regions of the protein. According to data of 

interaction energy and RMSD contained in Table S2 (Supplementary material), it is observed 

that all chalcones had satisfactory affinity < -6.0 Kcal/mol. In particular, the PAAPA and 

PAACN derivatives showed the best affinity values (-7.0 and -6.9, respectively), demonstrating 

the link of greater stability between chalcones. 

The interactions with the amino acid residues of Spike protein heterodimer and the 

chalcones molecules were represented in bi-dimensional maps, corroborating with the 

information collected in the molecular docking simulations (Figure 4C). Besides, the specific 

interactions of the chalcones derivatives with the Spike protein are shown in Table S5 

(Supplementary material). It is possible to observe that the chalcone derivatives showed a 

pattern of interaction with the protein, as with the SER371 residue, which the derivatives 

interacted through the hydrogen of moderate intensity. Furthermore, the PAAPM and PAAPE 

chalcones showed, at least, one interaction of strong intensity, and the chalcone PAAPA did not 
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show hydrogen bonds with the Spike protein. 

Additionally, it is known that the interaction of the SPIKE protein with ACE2 is necessary 

for the virus to enter the host cells, hence the simulations of the interactions of the chalcone 

derivatives with this enzyme were performed, as shown in Figure 4B. It is possible to observe 

that the chalcones interacted in similar sites, except for PAACN, which may have interacted at 

a non-specific site. Those data are reinforced by the affinity energy of the connections and 

RMSD, which the PAACN presented higher values, indicating an interaction of lower stability. 

PAAB and PAAPA had lower affinity values, with PAAPA having the best-suggested interaction, 

with an affinity of -8.0 Kcal/mol associated with a low RMSD value (1,355 Å). 

Those results are reinforced when characterizing the interactions of the chalcones 

derivatives with the ACE2 protein, as illustrated in the bi-dimensional maps (Figure 4D) and 

the interaction distances are shown in Table S5 (Supplementary material). The chalcones 

PAAPA and PAAPF stood out for presenting two interactions of strong hydrogen bonds. Also, 

the chalcones derivatives had common binding sites, such as the ILE291 residue, in which the 

PAAPA even had a hydrogen bond. 
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Fig. 4. Calculated interaction positions of the studied chalcones with the SPIKE (A) protein and 

the ACE2 protein of the human host (B). The bi-dimensional map of the hydrogen bonds and 

hydrophobic interactions between the chalcones and the SPIKE protein of the SARS-CoV-2 (C) 

and between the ACE2 protein of the human host (D). 

 

4 Discussion 

Overall, the present work evaluated, through molecular docking assays, the interactions 

of chalcone acetamide derivatives with enzymatic and structural targets of SARS-CoV-2 and 

with the host's ACE2, which is recognized by the virus, facilitating its entry into cells. Therefore, 

it was observed that, regarding the interactions of chalcones with Main protease (Mpro), the 

PAAPF derivative has the potential for coupling in the same region as the natural inhibitor FJC 
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through strong hydrogen bonding. The formation of two strong hydrogen bonds between PAAB 

and the NSP16-NSP10 heterodimer methyltransferase was also noted. PAAPM and PAAPE 

showed at least one strong intensity interaction of the SPIKE protein. PAAPA had a better 

affinity with ACE2, with strong hydrogen interactions. 

These results are relevant, as several chalcones have been described as having antiviral 

activity. A work performed by Park et al [20] showed that chalcones isolated from Angelica 

Keiskei inhibit the chymotrypsin protease (3CL (pro)) and a papain protease (PL (pro)) in 

SARS-CoV. Proteases are important for post-translational modifications of structural proteins 

in the viral particle. Therefore, the inhibition of proteases interferes with the viral replication 

process [20]. Literature data suggest the inhibition of viral proteases by flavonoids and related 

compounds. For example, flavonoids such herbacetin, isobavachalcone, quercetin 3-β-d-

glucoside and helicrysetin have been described as potent inhibitors of the Middle Eastern 

respiratory syndrome-coronavirus  protease (MERS-CoV 3CLpro), indicating that flavonol 

and chalcones are favorite structures for binding to the catalytic site, suggesting that 

modifications in the more hydrophobic molecules or with carbohydrates attached to their main 

structures have a good inhibitory effect [21]. 

In fact, synthetic flavonoids and chalcones are described for potential antiviral properties. 

In a previous study, substituted chalcones, showed inhibition of viral translation in cells infected 

with hepatitis C virus (HCV) by the ablation of ribosomal protein phosphorylation 6 (rps6) [22]. 

Additionally, several reports in the literature demonstrate that derivatives of chalcones present 

antiviral activity better than the reference drugs in experimental models, including synergistic 

effects with these. For example, a previous study showed that thienyl-chalcone derivatives 

showed moderate to excellent antiviral activity, with higher in vitro potency against human 

cytomegalovirus compared to the standard drug Ganciclovir [23]. These data corroborate the 

findings of the present study, in which the chalcone derivatives interacted with the virus 

protease at sites and with similar affinities to the clinically used drugs and the theoretical 

inhibitor FJC. 

Binding and inhibiting the enzymatic activity of proteases and methyltransferases can 

lead to a disruption in the viral capsid construction process, interrupting the flow of 

transmission. In this sense, the importance of in silico screening of phytochemical compounds 

is ratified, allowing a preliminary and rational analysis of a high number of molecules. For 

example, an investigation of phytochemicals as antiviral agents against dengue has shown that 

secondary phenolic plant metabolites such as alkaloids, terpenoids, chalcones, flavonoids, 

coumarins, and quinones have the potential to bind to targets such as protease (NS2B-NS3pro), 
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helicase (NS3 helicase), methyltransferase (MTase) and dengue virus envelope protein [24]. 

Therefore, it is evident that it is feasible to study the interaction of drugs and antiviral 

molecules with structural proteins of these viruses, in addition to enzyme targets. Flavone 

derivatives, such as luteolin and semisynthetic derivatives of gallic acid have been described as 

potential binders to the SARS-CoV surface SPIKE protein and, therefore, may interfere with 

the entry of the virus into its host cells. This connection has been shown to happen with great 

avidity, with surface proteins linked to natural compounds being detected by frontal affinity 

chromatography coupled with mass spectrometry [25]. 

The inhibition of the interaction of virus structural proteins with receptors in host cells is 

a line of research that has been highlighted. It is described that when binding the SPIKE protein 

to the angiotensin-converting enzyme 2 (ACE2) in the lung and intestinal cells, the virus enters 

the cells, releasing proteins such as the high-mobility group box 1 protein (HMGB1), allowing 

the occurrence of sepsis. Phenolic compounds have been described as steric inhibitors of the 

interaction of the viral structure with ACE2 and / or the release of HMGB1, reducing infectivity 

[26]. 

Together, these results suggest that chalcone derivatives inhibit the interaction of the virus 

with host cells through binding to ACE2 or SPIKE protein, probably generating a steric 

impediment. In addition, chalcones have an affinity for important enzymes in post-translational 

processes, interfering with viral replication. 

 

5 Conclusion 

The 4′-acetamidechalcones presented inhibitory potential over the SARS-CoV-2 

proteins, detaching the PAAPF that has the potential to couple to Mpro (same region as the 

natural inhibitor FJC through strong hydrogen bonds), PAAB that can bind to NSP16- NSP10 

methyltransferase, PAAPM and PAAPE that can interact with the protein Spike and PAAPA 

that demonstrated a strong affinity with ACE2, these results being a strong indication of the 

pharmacological potential of 4′-acetamidechalcones on important enzymes in post-translational 

processes, interfering in the viral replication of SARS-CoV-2, being an indication for the 

feasibility of in vitro tests. Emphasizing that the present work represents a fundamental step in 

the process of developing a pharmacological tool for COVID-19 based on chalcones. 
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Supplementary Material 

Table S1. Protein, grid box centres, sizes, spacing and exhaustiveness used for molecular 

docking simulations. 

Protein Center Size Spacing Exhaustiveness 

 x y z x y z   

Mpro -

26.734 

13.009 56.185 94 112 108 0.642 8 

NSP16-NSP10 78.486 -1.045 -9.341 102 126 108 0.764 8 

SPIKE -

31.044 

29.339 21.745 92 104 126 0.453 8 

ACE2 -

20.871 

19.272  

27.086 

126 126 126 0.564 8 

Legend: Methyltransferase (NSP16-NSP10).  

 

 

Table S2.  Interaction energy and RMSD in molecular docking assay with Main protease, 

Methyltransferase, SPIKE and ACE2. 

Ligands 
Mpro Methyltransferase SPIKE ACE2 

Energy  RMSD Energy RMSD Energy RMSD Energy RMSD 

Chalcones         

PAAB -5.2 1.689 -7.4 1.743 -6.8 1.763 -8.2 1.847 

PAACN -6.1 1.853   -6.9 1.590 -7.4 1.866 

PAAPA -5.5 1.822 -8.0 1.930 -6.6 1.168 -8.0 1.355 

PAAPE -5.5 1.635   -6.6 1.456 -7.7 1.644 

PAAPF -5.6 1.721 -8.2 1.947 -7.0 1.759 -7.7 1.658 

PAAPM -5.3 1.505 -7.1 1.260 -6.8 1.229 -7.6 1.481 

Inhibitors         

FJC -6.7 1.580       

Anakinra -6.5 1.998       

Azithromycin -5.8 1.244       

Remdesivir -6.8 1.643       

Legend: Energy (Kcal/mol); RMSD (Å). 

 

Table S3.  Interaction distances (Å) between the compounds and the amino acid residues of 
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the enzyme Mpro. 

Chalcon/Residue PAAB PAAPA PAAPF FJC Anakinra Azithromycin Remdesivir 

LYS5     2.69  3.23* 

THR25   2.95*     

GLN10      2.40*  

LYS137  3.69   3.14*  3.54 

LEU141   3.29     

ANS142   2.31*     

GLY143    2.56*    

SER144    3.45*    

CYS145    1.93*    

TYR154    -  3.93  

HIS164    2.36*    

MET165    3.88    

GLU166   3.92 1.83*    

GLU166   2.64*     

GLN189    3.03    

ASP197  3.03*   2.31*  3.22* 

ANS238  3.43*      

ILE249      3.67  

GLU288       2.49* 

ASP289     3.41*  1.88* 

GLU290  3.76   2.33  3.61* 

PRO293 3.62     3.65  

PHE294 3.66     3.59  

PHE294 3.85     3.58  

VAL297 3.80       

ARG298 2.60*       

Legend: *Hydrogen bounds. 

 

Table S4. Interaction distances (Å) between the compounds and the amino acid residues of the 

enzyme NSP16-NSP10 SARS-CoV-2 heterodimer methyltransferase. 

Chalcon/Residue PAAB PAAPA PAAPF PAAPM 

GLY6869   3.30*  
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ASP6873 3.70    

LEU6898 3.52 3.43 3.23 3.22 

LEU6898  3.46 2.57* 2.98* 

LEU6898   3.00* 3.49* 

ASN6899 2.29*    

TYR6930 2.87*    

MET6929  3.76  3.81 

CYS6913  2.11*   

ASP6931 3.75  3.80 3.88 

PRO6932 3.90    

PHE6947 3.53  3.60 3.70 

Legend: *Hydrogen bounds. 

 

 

Table S5. Interaction distances (Å) between the compounds and the amino acid residues of the 

SPIKE protein and ACE2. 

Chalcon/Residue PAAB PAACN PAAPA PAAPE PAAPF PAAPM 

SPIKE       

PHE338 3.57 3.48 3.70 3.45 3.58 3.46 

GLY339 3.51* 3.26*  3.35*  3.31* 

PHE342  3.72 3.48    

VAL367 3.71 3.78 3.69 3.73 3.67 3.72 

LEU368 3.65 3.73 3.60 3.64 3.66 3.67 

SER371 3.45* 3.37* - 3.38* 3.52* 3.33* 

PHE374 3.46 3.90 3.40 3.42 3.50 3.58 

TRP436 3.57  4.95 3.45 3.55 2.58* 

TRP436   3.75 2.62* 4.72 3.58 

LEU441    3.93   

ACE2       

ANS290     2.61*  

ILE291 2.11*  3.06* 3.83 3.64 3.67 

ILE291 3.56  3.43 3.94 3.42 3.89 

ILE291   3.82 3.75  3.64 

LEU370    3.93 3.93  
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LEU370    3.82 3.93  

SER409    3.60* -  

ALA413    3.63 4.00  

PRO415 3.38 - - - - 3.86 

GLU430 3.66 - - 3.77 - - 

THR434 - - - - 3.71 - 

GLU435 3.32 - - 3.58 - - 

PHE438 3.38 - 3.81 3.55 3.22 3.69 

PHE438 3.66 - 3.47 - 3.54 4.40 

LYS441 - - 3.01* - 3.83 - 

GLN442 - - - - 2.93* - 

Legend: *Hydrogen bounds. 
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CONCLUSION 

 

 All the structural, electronic, spectroscopy, non-linear optical properties, and antioxidant 

activity characterizations were possible since all the three quantum methods used were able to 

achieve an optimized geometry with no imaginary frequencies. Furthermore, the quantum 

methods predicted that the PAAPFBA molecule has not the two aromatic rings in the same 

plane delimited by the α,β-unsaturated system. The M06-2X method had the highest distortion 

angle value with a difference of 7.06452º in comparison with the other methods. The structural 

parameters were compared with experimental results from literature and with the results of 

other calculations. The results were that the PAAPFBA molecule was well described by all the 

DFT methods that were used due to excellent correlation. 

 The thermodynamic properties were similar, and the fundamental infrared vibrational 

modes were in excellent agreement with the experimental data, regardless of the method again. 

The values computed for R²  showed the excellent agreement between experimental and 

theoretical results., which were respectively 0.99791 for the B3LYP, 0.99779 for the 

mPW1PW91), and 0.99835 for the M06-2X method. The 1H and 13C theoretical chemical shifts 

also exhibited excellent agreement with the experimental data with the R²of 0.99865 fo the 

B3LYP, 0.99860 for the mPW1PW91, and 0.99844 for the M06-2X method. All three methods 

showed that the chalcone PAAPFBA can be used to make non-linear optical devices since this 

molecule has higher values for the total dipole moment, polarizability, and first 

hyperpolarizability. The Frontier Molecular Orbital analysis predicted a similar HOMO and 

LUMO distribution between the methods. However, the quantum molecular descriptors showed 

different values when the method is shifted. This happens due to the change in the mathematical 

approximation within the method itself. 

 The Fukui Electronics and Condensed functions, the local descriptors, and the analysis 

of the Natural Bond Orbitals were carried out to characterize locally the electronic properties 

of the PAAPFBA chalcone. The B3LYP and mPW1PW91 methods can describe the molecule 

very similarly. However, the M06-2X illustrates differences in reactive sites (radical attack), 

and the electron density was predicted to be more delocalized (higher stabilization energy value).  

Next, the antioxidant activity was determined using all the three DFT methods to 

investigate the possible three mechanisms: HAT, SET-PT, and SLET. All global thermodynamic 

parameters calculated were found to be above 80 kcal.mol-1 regardless of the method, which 
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explains the moderate experimental value of 50.92% in the DPPH scavenging. Therefore, the 

most thermodynamically favorable mechanism is the HAT for all methods. 

Finally, once the quantum calculation methodology was determined to optimize the 

chalcone derivates, six chalcone derivatives denominated PAAPFBA, PAAB, PAAPM, PAAPE, 

PAAPA, and PAACN were used to study the antiviral activity of chalcones. The results showed 

an inhibitory potential on SARS-CoV-2 target proteins, highlighting the coupling to Main 

protease (Mpro) in the same region as the natural inhibitor FJC by strong hydrogen bonds for 

the PAAPFBA molecule. The chalcone PAAB interacted with the NSP16-NSP10 

methyltransferase, while the PAAPM and PAAPE interacted with the SPIKE protein. Hence, 

these chalcones can interfere in the replication of the virus and blocking it from the bond with 

the human host cells. In addition, the chalcone PAAPA was found to have a strong interaction 

with the ACE2 of the human host. Hence this molecule can also block the bond of the SPIKE 

protein of SARS-CoV-2 with the human cells. 

These results are a strong indication of the pharmacological potential of chalcone 

derivatives containing the 4-acetamido group on important enzymes in post-translational 

processes, interfering with the viral replication of SARS-CoV-2, being an indication for the 

viability of in vitro tests. 
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