
 

 

 
Comparative Study of Epicatechin–Phenylalanine and 
Epicatechin–Alanine Interactions Using Quantum Chemistry 
Methods 
 
 
 
.

ABSTRACT  
 
 
Aims: This research aims to analyze the interactions within Epicatechin…Phenylalanine 
complexes and compare them to those in Epicatechin…Alanine complexes through 
theoretical chemistry calculations. 
 
Methodology: The interactions between  Epicatechin and Phenylalanine, an  amino acid, 
are evaluated using theoretical chemistry methods. Calculations performed at the 
DFT/B3LYP/6-31+G(d,p) level are used to characterize the complexes and their individual 
monomers. Geometric, energetic, and spectroscopic parameters, along with QTAIM 
(Quantum Theory of Atoms in Molecules), NBO (Natural Bond Orbital), and NCI (Non-
Covalent Interaction) topological analyses, provide insights into the nature and type of these 
interactions. 
Results: The interaction energies of Epicatechin-Phenylalanine complexes exceed those of 
Epicatechin-Alanine complexes. Unlike the Epicatechin-Alanine complexes, the formation of 
Epicatechin-Phenylalanine complexes is non-spontaneous. NBO analysis reveals that 
Epicatechin-Alanine complexes exhibit a greater number of interactions compared to 
Epicatechin-Phenylalanine complexes, including repulsive interactions attributed to the 
phenyl group. Moreover, the total stabilization energies of Epicatechin-Phenylalanine 
complexes are higher than those of their Catechin-Alanine and Epicatechin-Alanine 
counterparts. 
 
 
Conclusion: The non-covalent bonds formed in epicatechin-phenylalanine complexes are 
stronger and more numerous than those in catechin-alanine and epicatechin-alanine 
complexes. 
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1. INTRODUCTION  
 
Plants produce numerous secondary metabolites, including terpenoids, alkaloids, and 
polyphenols. Polyphenols are present in all parts of plants (roots, stems, flowers, leaves). 
They are found in the composition of the most common consumer products, particularly fruits 
and vegetables, as well as derived products like chocolate, tea, and red wine. [1–4]. By 
consuming these food products, humans benefit from antioxidant properties[5–9] notably 
delaying cell aging and combating certain chronic diseases, including cardiovascular and 
neurodegenerative diseases  [5, 6, 10–12]. Polyphenols are highly reactive compounds. 



 

 

Indeed, once in the body, polyphenols interact with the compounds present there. These 
interactions lead to the formation of more or less stable complexes. Several studies, 
particularly the theoretical studies conducted on epicatechin…alanine complexes, have 
shown that the interactions occurring in these complexes are non-covalent. The main non-
covalent interactions are moderate hydrogen bonds with a partially covalent character [13]. 
The effects of the presence of other groups in the structure of alanine, particularly the phenyl 
group, could help to better understand the interactions between polyphenols and proteins. 
This research aims to identify the interactions that occur within the 
epicatechin…phenylalanine complexes and then compare them with those that take place in 
the epicatechin…alanine complexes [13], using theoretical chemistry calculations at the DFT 
level with the B3LYP functional and the 6-31+G (d, p) basis set. This study also combines 
NBO (Natural Bond Orbital) and QTAIM (Quantum Theory of Atoms in Molecules) 
calculations to account for electronic displacements within molecules as well as the 
formation of intermolecular hydrogen bonds that reflect the stabilization of structures. 
 

2. MATERIAL AND METHODS  
 
The structures of epicatechin, phenylalanine, and alanine used in this study are represented 
in Figure 1. Phenylalanine is distinguished from alanine by the presence of a phenyl group in 
its structure. Figure 2 presents the epicatechin…phenylalanine complexes. These 
complexes are formed by the proximity of the hydroxyl group O28-H29, which is one of the 
most reactive hydroxyl groups of epicatechin [14] ,and the heteroatoms Nsp3, Osp2, and 
Osp3 of phenylalanine. 
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Figure 1: Structures of epicatechin, alanine and phenylalanine. 

 

 

Complexe Epicat 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯ Phe Nsp3 

 

Complexe Epicat 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯ Phe Osp2 



 

 

 

Complexe Epicat 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯ Phe Osp3 

Figure 2 : Optimised structures of the complexes Epicat 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯ Phe Nsp3, Epicat 

𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯ Phe Osp2 and Epicat 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯ Phe Osp3. 

These structures were optimised at the b3lyp/6-31+G(d,p) level of theory using Gaussian 09 
ref software in order to approximate the ground state structure. The optimised structures 
were subjected to frequency calculations and various quantum chemical analyses. The 
frequency calculations were used to determine the spectroscopic and thermodynamic 
parameters, in particular the interaction energy of each complex. This interaction energy is 
refined by the ZPE (Zero-Point Energy) and the BSSE (Basis Set Superposition Error). [15, 
16]. NBO (Natural Bond Orbital) analysis is used to determine electron delocalisation 
between atoms in the same molecule or between atoms in different molecules. It is used to 
list intermolecular interactions, assess their energy and identify the main interactions in the 
complex formed. QTAIM analysis is used to identify the interactions taking place in the 
complex, to determine their nature and to establish the strength of the hydrogen bonds. The 
NCI analysis specifies attractive interactions, repulsive interactions (steric hindrances) and 
van der Waals interactions. 

  



 

 

 
 
 
 
 
 

2.1 Standard Enthalpy of Formation and Standard Gibbs Free Energy of 
Formation   
 

The standard enthalpy of formation ∆Hf
0 and the standard free enthalpy of formation ∆Gf

0 are 

used to assess the exothermicity and spontaneity of the reaction to form a molecule, 
respectively. Conversely, these values can be used to characterise the relative stability of a 

series of molecules. These two thermodynamic quantities, ∆Hf
0 and ∆Gf

0 are determined 

according to the formulae of Ochterski et al. [17]. 
 
2.2 Interaction Energy 

The interaction energy was determined after an optimisation followed by a frequency 
calculation. This energy represents the difference between the total energy of the complex 
and the energies of the monomers. To determine the interaction energy, the ZPE (Zero-Point 
Energy) and the BSSE (Basis Set Superposition Error) are used to correct the excessive 
stabilisation of the complex [15, 16, 18]. In the complex, each molecular orbital is developed 
in a larger base than that of the monomers, which leads to excessive stabilisation of the 
complex. The expression for the interaction energy E_(int) then becomes :  

 

𝐄𝐢𝐧𝐭 = 𝐄𝐜𝐨𝐦𝐩𝐥𝐞𝐱 − ∑ 𝐄𝐦𝐨𝐧𝐨𝐦𝐞𝐫𝐬 + 𝐄𝐁𝐒𝐒𝐄 + ∆ZPE 

With 

∆ZPE=ZPE
complex

- ∑ ZPE
monomers

 

 
 
2.3 NBO Analysis 
 
NBO (Natural Bond Orbital) analysis is a technique used to determine the charge transfer 
properties of molecules. It offers a comprehensive insight into the nature of intra- and 
intermolecular orbital interactions, with a particular focus on hydrogen bonds (both intra- and 
intermolecular) between occupied NBO donors and empty NBO acceptors [19, 20] . A 
charge transfer is the movement of electrons from an electron donor site (Lewis-type orbital: 
Lone pair (LP), natural bond (𝜎 and 𝜋)) to an electron acceptor site (anti-Lewis orbital: : 

𝜎∗ and 𝜋∗). The electron delocalisation is accompanied by a decrease in the electron density 
of the donor and an increase in the electron density of the acceptor. This occurs when a lone 
pair (LP), natural bond (σ and π) is transferred to an electron acceptor site (anti-Lewis orbital 
: σ* and π*). The stabilisation energy E² is used to evaluate the electron delocalisation i → j : 

E
(2)

=∆Eij=q
i

F
2(i,j)

εj-εi

 

Where 𝑞𝑖 is the electron density in the donor orbital, F (i,j) is a non-diagonal element of the 

Fock matrix , 𝜀𝑖 𝑒𝑡 𝜀𝑗 are the energies of the occupied i and vacant j orbitals respectively. 



 

 

The higher the E(2), the more stable the redistribution of electrons between the donor and 
acceptor. 
 
2.4. AIM Topological Analysis 

Bader's Quantum Theory of Atoms in Molecules (QTAIM) is a highly useful method for the 
topological analysis of chemical bonds [21, 22]. In this theory, the presence of chemical 
bonds between two atoms or interatomic interactions is determined by the existence of a 
bond critical point (BCP).The characteristics of bond critical points allow the description of 
the covalent or non-covalent nature of intermolecular interactions, particularly hydrogen 
bonds. The most commonly used characteristics of bond critical points include the electron 

density ρ(r) and its Laplacian                  ▽2(ρ(r)), the total electronic energy density H(r), the 
potential electronic energy density V(r), and the kinetic energy density G(r). These 
parameters enable the classification of hydrogen bonds based on their strength. According 
to the work of Rozas et al. [23], the following classification is established at different bond 

critical points: For strong hydrogen bonds ∇2(ρ)<0, H(r)<0 ; For medium hydrogen bonds 

∇2(ρ)>0, H(r)<0 ; For weak hydrogen bonds ∇2(ρ)>0, H(r)>0. The ratio -
G(r)

V(r)
  is also used to 

determine the nature of the interaction at different BCPs [24]. When -
G(r)

V(r)
>1, the bond is 

considered non-covalent. If 0,5<
G(r)

V(r)
<1 the bond exhibits partial covalent character. For -

G(r)

V(r)
<0,5 the bond is purely covalent. The energy of the hydrogen bond is evaluated using the 

relation EHB=-
1

2
V(r) according to the work of Espinosa [25]. 

2.5. NCI Analysis 
 
NCI (Non-Covalent Interaction) Analysis is a theoretical method used to study and 
characterize non-covalent interactions. This analysis highlights the distinction between 
attractive interactions (hydrogen bonds), repulsive interactions (steric effects), and Van der 
Waals (VDW) interactions [26, 20, 27]. Through a 3D graphical visualization of NCI 
isosurfaces, different interactions are represented by specific colors: blue for hydrogen 
bonds, green for Van der Waals interactions, and red for repulsive interactions. Additionally, 
a 2D graphical representation of the reduced density gradient as a function of  sign (λ2) × 
ρ(r), helps associate each type of interaction with its corresponding region [27, 20, 26] . 
Peaks appearing in regions where sign (λ2) × ρ(r) < 0 correspond to attractive interactions 
(hydrogen bonds) ; signe (λ2) × ρ(r) = 0 indicates Van der Waals interactions ; sign (λ2) × 

ρ(r)  > 0 is associated with repulsive interactions. 
 
 

3. RESULTS AND DISCUSSION 
 
This section presents the obtained results and their corresponding interpretations. 
 

3.1. Thermodynamic Parameters and Interaction Energy 
 
The thermodynamic parameters and interaction energy values of the complexes Epicatechin 
... Phenylalanine and Epicatechin ... Alanine are summarized in Table 1. The complexation 
enthalpy (∆H) values for the complexes EpicatO28-H29⋯PheNsp3, EpicatO28-H29⋯PheOsp2 

and EpicatO28-H29⋯PheOsp3 range from -11.09 to -4.11 kcal mol⁄ . These values are higher 

than those for the complexes EpicatO28-H29⋯AlaNsp3, EpicatO28-H29⋯AlaOsp2 et EpicatO28-

H29⋯AlaOsp3 which range from -19,30 to -14.83 kcal mol⁄ [13]. These results indicate that 



 

 

the formation of these complexes is exothermic. However, the formation of Epicatechin ... 
Phenylalanine complexes is less exothermic than that of Epicatechin ... Alanine complexes.        
Among the Epicatechin ... Phenylalanine complexes, EpicatO28 − H29 ⋯ PheNsp3 is more 

exothermic compared to EpicatO28 − H29 ⋯ PheOsp2  and EpicatO28 − H29 ⋯ PheOsp3 . The 

same trend is observed for the Epicatechin ... Alanine complexes, where EpicatO28-

H29⋯AlaNsp3 is more exothermic than  EpicatO28-H29⋯AlaOsp2 and EpicatO28-H29⋯AlaOsp3. 

The free enthalpy of complexation (∆G) values for EpicatO28-H29⋯PheNsp3, EpicatO28-

H29⋯PheOsp2 and EpicatO28-H29⋯PheOsp3  are positive , whereas those for EpicatO28-

H29⋯AlaNsp3, EpicatO28-H29⋯AlaOsp2 and EpicatO28-H29⋯AlaOsp3 are negative [13]. These 

values suggest that the interactions between Epicatechin and Phenylalanine are                            
non-spontaneous under the calculated conditions, whereas the interactions between 
Epicatechin and Alanine are spontaneous. The phenyl group in Phenylalanine disrupts the 
spontaneity of interactions with Epicatechin. 

The interaction energies for Epicat O28-H29⋯Phe Nsp3 , Epicat O28-H29⋯Phe Osp2 and Epicat 

O28-H29⋯Phe Osp3 complexes are negative, ranging from − 10.01 to − 3.74 kcal mol⁄ . The 

ranking of interaction energies with the Nsp3 site is as follows : Eint(Epicat O28 − H29 ⋯ Phe 

Nsp3) ˂ Eint(Epicat O28 − H29 ⋯ Phe Osp2) ˂ Eint(Epicat    O28 − H29 ⋯ Phe Osp3). These 

values are higher than those for Epicat O28-H29⋯Ala Nsp3, Epicat O28-H29⋯Ala Osp2 and 

Epicat O28-H29⋯Ala Osp3, indicating that the interactions between the hydroxyl group O28-

H29 of Epicatechin and the heteroatoms Nsp3, Osp2  and Osp3 in Phenylalanine are weaker 

than those with the corresponding heteroatoms in Alanine. The presence of the phenyl group 
in Phenylalanine weakens the complexes Epicat O28-H29⋯Phe Nsp3, Epicat O28-H29⋯Phe 

Osp2 et Epicat O28-H29⋯Phe Osp3. 

 

Table 1. Energetic Parameters of the Epicatechin ... Phenylalanine and Epicatechin ... 
Alanine Complexes Studied 

Complexe 

Eint ∆H ∆G 

(Kcal/mol) 

Epicatechin…Phenylalanine    

Epicat O28 − H29 ⋯ Phe Nsp3 -10.01 -11.09 0.21 

Epicat O28 − H29 ⋯ Phe Osp2 -8.82 -9.43 1.12 

Epicat O28 − H29 ⋯ Phe Osp3 -3.95 -4.38 5.00 

    

Epicatechin…Alanine [13]    

Epicat O28 − H29 ⋯ Ala Nsp3 -19.30 -20.12 -10.99 



 

 

Epicat O28 − H29 ⋯ Ala Osp2 -18.36 -18.73 -9.19 

Epicat O28 − H29 ⋯ Ala Osp3 -14.83 -14.88 -6.78 

    

The NBO and AIM analyses will determine the nature of the interactions occurring in the 
complexes Epicat O28-H29⋯Phe Nsp3, Epicat O28-H29⋯Phe Osp2 and Epicat O28-H29⋯Phe 

Osp3 particularly those influenced by the phenyl group. 

 

3.2. NBO Analysis 
 
The parameters of the NBO analysis are presented in Tables 2 to 7. In the complex 

Epicat O28-H29⋯Phe Nsp3, the total stabilization energy ∑ E(2)is 32.31 kcal mol⁄ , compared to 

31.09 kcal mol⁄  in the complex Epicat O28-H29⋯Ala Nsp3[13]. The interactions present in the 

Epicat O28-H29⋯Phe Nsp3 complex include the hydrogen bonds  O28-H29⋯N39, C22-H25⋯O40, 

C47-H52⋯O28 along with other interactions such as O28-H29⋯N39-H45, C22-H25⋯C38=O40. 

These interactions are more numerous than those found in the Epicat O28-H29⋯Ala Nsp3.                 

The hydrogen bond O28-H29⋯N39 arises from the electronic delocalization of the nitrogen 

atom's lone pair N39 (LPN39
(1)

) toward the anti-Lewis orbital σO28−H29
∗ . This delocalization is 

represented by the electronic transition LPN39
(1)

→ σO28-H29
* . During this electronic 

delocalization, 56.28 me of charge is transferred, corresponding to a stabilization energy of 

28.64 kcal mol⁄  (88.7 % of ∑ E(2)) in the Epicat O28-H29⋯Phe Nsp3  complex, compared to 

29.9 kcal mol⁄  in the Epicat O28-H29⋯Ala Nsp3  complex. The stabilization energies of the 

other interactions are relatively low. Hence, the hydrogen bond O28-H29⋯N39 is the primary 

interaction in both EpicatO28-H29⋯PheNsp3 and Epicat O28-H29⋯Ala Nsp3. 

Table 2: Stabilization Energies 𝐄(𝟐) , Total Stabilization Energies ∑ E
(2)

 , and Charge 

Transfers (CT) of the Complex Epicat O28-H29⋯ Phe Nsp3 

Epicat O28-H29⋯ Phe Nsp3  

Contact Electronic Transition 
𝐄(𝟐) 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

∑ E
(2)

 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

CT 

(𝐦𝐞) 

C47 − H52 ⋯ O28 

LPO28
(1)

 → σC47−H52
∗  0.41 

32.31 

0.60 

LPO28
(2)

 → σC47−H52
∗  0.06 0.11 

C36 − H43 ⋯ O28 LPO28
(2)

 → σC36−H43
∗  0.20 0.44 

O28 − H29 ⋯ N39 LPN39
(1)

 → σO28−H29
∗  28.64 56.38 

C22 − H25 ⋯ O40 

LPO40
(1)

 → σC22−H25
∗  0.77 1.02 

LPO40
(2)

 → σC22−H25
∗  0.47 0.90 



 

 

C22-H25⋯O40=C38 πC38−O40 → σC22−H25
∗  0.41 0.67 

O28-H29⋯H45-N39 σN39−H45 → σO28−H29
∗  0.63 0.93 

O28-H29⋯H46-N39 σN39−H46 → σO28−H29
∗  0.72 1.01 

 

Table 1 : Stabilization Energies 𝑬(𝟐) , Total Stabilization Energies ∑ E
(2)

 and Charge 

Transfers (CT) of the Complex Epicat O28-H29⋯ Ala Nsp3 [13] 

𝐄𝐩𝐢𝐜𝐚𝐭 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯  𝐀𝐥𝐚 𝐍𝐬𝐩𝟑 

Contact Electronic Transition 
𝐄(𝟐)

 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

∑ 𝐄(𝟐)
 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

CT 

(𝐦𝐞) 

O28 − H29 ⋯ N39 LPN39
(1)

 → σO28−H29
∗  29.9 

31.09 

56.64 

C38 − H41 ⋯ O28 LPO28
(1)

 → σC38−H41
∗  0.09 0.16 

O28- H29 ⋯ H44 − C37 σC37−H44 → σO28−H29
∗      0.12 0.20 

O28 - H29 ⋯ N39 − C37 σC37−N39 → σO28−H29
∗            0.36 0.45 

O28 - H29 ⋯ H45 − N39 σN39−H45 → σO28−H29
∗               0.62 0.86 

 
The total stabilization energy of the Epicat O28-H29⋯Phe Osp2 , complex is equal to 30.55 

kcal mol⁄  (table 4). This energy is 23.97 kcal mol⁄  in the Epicat O28-H29⋯Ala Osp2 complex 

(table 5). In the Epicat O28-H29⋯Phe Osp2  complex, the interactions observed are O28-

H29⋯O40 ,  O57-H58⋯O28, O28-H28⋯O40=C38 and O28-H29⋯C38-C37. The hydrogen bond 

O28-H29⋯O40 results from the electronic delocalizations LPO40
(1)

→ σO28-H29
*  and                               

LPO40
(2)

→ σO28-H29
* . For these two delocalizations, the charge transfers and stabilization 

energies are 36.16 me and 19.06 kcal mol⁄  respectively. Similarly, the hydrogen bond O57-

H58⋯O28 is described by two electronic delocalizations : LPO28
(1)

→ σO57-H58
*   and 

LPO28
(2)

→ σO57-H58
* . The CT and  E(2) values for these electronic delocalizations are 21.32 me 

and 10.86 kcal mol⁄  respectively. The stabilization energies of the hydrogen bonds O28-

H29⋯O40 and O57-H58⋯O28 account for more than 90% of the total stabilization energy of the 

EpicatO28-H29⋯PheOsp2 complex. These two hydrogen bonds are the main interactions in 

the EpicatO28-H29⋯PheOsp2.  

Table 2 : Stabilization Energies 𝐸(2) , Total Stabilization Energies ∑ E
(2)

 and Charge 

Transfers (CT) of the Complex Epicat O28-H29⋯ Phe Osp2  complex. 

𝐄𝐩𝐢𝐜𝐚𝐭 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯  𝐏𝐡𝐞 𝐎𝐬𝐩𝟐 

Contact Electronic Transition 
𝐄(𝟐) 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

∑ 𝐄(𝟐) 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

CT 

(𝐦𝐞) 



 

 

O57 − H58 ⋯ O28 

LPO28
(1)

 → σO58−H57
∗  2.38 

30.55 

3.80 

LPO28
(2)

 → σO58−H57
∗  8.48 17.52 

O28 − H29 ⋯ O40 

LPO40
(1)

 → σO28−H29
∗  5.85 8.00 

LPO40
(2)

 → σO28−H29
∗  13.21 28.16 

O28 − H29 ⋯ C38 − C37 σC37−C38 → σO28−H29
∗  0.24 0.32 

C28 − H29 ⋯ O40 = C38 𝜋C38−O40 → σO28−H29
∗  0.39 0.41 

 

Table 3 : Stabilization Energies 𝐸(2) , Total Stabilization Energies ∑ E
(2)

 and Charge 

Transfers (CT) of the ComplexEpicat O28-H29⋯ Ala Osp2 [13] 

𝐄𝐩𝐢𝐜𝐚𝐭 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯  𝐀𝐥𝐚 𝐎𝐬𝐩𝟐 

Contact Electronic Transition 
𝐄(𝟐)

 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

∑ 𝐄(𝟐)
 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

CT 

(𝐦𝐞) 

O28 − H29 ⋯ O40 

LPO40
(1)

 → σO28−H29
∗  8.7 

23.97 

11.31 

LPO40
(2)

 → σO28−H29
∗  11.51 23.11 

N39 − H46 ⋯ O28 

LPO28
(1)

 → σN39−H46
∗  0.64 0.92 

LPO28
(2)

 → σN39−H46
∗  1.81 3.52 

C38 – O40 ⋯ O28 LPO28
(1)

 → πC38−O40
∗  0.1 0.16 

N39  − H46  ⋯ H29 − O28 σO28−H29 → σN39−H46
∗  0,28 0.37 

C22 – H25 ⋯ O40 LPO40
(1)

 → σC22−H25
∗  0.13 0.17 

O28  − H29  ⋯ O40 − C38 𝜎C38−O40 → σO28−H29
∗  0.38 0.38 

C22  − H25  ⋯ O40 − C38 πC38−O40 → σC22−H25
∗  0.12 0.20 

O28  − H29  ⋯ O47 − C38 σC38−O47 → σO28−H29
∗  0.18 0.19 

O28  − H29  ⋯ H46 − N39 σN39−H46 → σO28−H29
∗  0.12 0.16 

 
The stabilization energy is 11.59 kcal mol⁄  in the EpicatO28-H29⋯PheOsp3  complex, 

compared to 11,86 kcal mol⁄  in the EpicatO28-H29⋯AlaOsp3 complex (Tables 6 and 7). In the 



 

 

EpicatO28-H29⋯PheOsp2 complex, the hydrogen bond O28-H29⋯O57 is characterized by 

electronic delocalizations LPO57
(1)

→σO28-H29
*  and LPO57

(2)
→σO28-H29

* . The charge transfers 

associated with these electronic delocalizations are 16,33 me, and the 𝐸(2) value of the 

hydrogen bond O28-H29⋯O57 is 11.09 kcal mol⁄  (95.7 % of ∑ E(2)). The hydrogen bond          

O28-H29⋯O57 is the main interaction in these complexes. In addition to this primary 
interaction, other interactions such as C36-H42⋯O28,  C22-H25⋯O57, C51-H43⋯O28 et C37-

H44⋯C19=C22 also occur in this complex. 

Table 4. Stabilization Energies 𝐸(2) , Total Stabilization Energies ∑ E
(2)

 and Charge 

Transfers (CT) of the Complex Epicat O28-H29⋯ Phe Osp3 

 

Complexe Epicat O28-H29⋯ Phe Osp3  

Contact Electronic Transition 
𝐄(𝟐) 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

∑ 𝐄(𝟐) 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

CT 

(𝐦𝐞) 

C36-H42⋯O28 

LPO28
(1)

 → σC36−H42
∗  0.06 

11.59 

0.09 

LPO28
(2)

 → σC36−H42
∗  0.16 0.33 

C51-H56⋯O28 LPO28
(2)

 → σC51−H56
∗  0.17 0.36 

O28-H29⋯O57 

LPO57
(1)

 → σO28−H29
∗  9.79 13.84 

LPO57
(2)

 → σO28−H29
∗  1.30 2.49 

C22-H25⋯O57 LPO57
(1)

 → σC22−H25
∗  0.11 0.22 

 

Table 5: Stabilization Energies 𝐸(2) , Total Stabilization Energies ∑ E
(2)

 and Charge 

Transfers (CT) of the Complex Epicat O28-H29⋯ Ala Osp3 [13] 

𝐄𝐩𝐢𝐜𝐚𝐭 𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯  𝐀𝐥𝐚 𝐎𝐬𝐩𝟑 

Contact Electronic Transition 
𝐄(𝟐)

 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

∑ 𝐄(𝟐)
 

(𝐤𝐜𝐚𝐥 𝐦𝐨𝐥⁄  ) 

CT 

(𝐦𝐞) 

O28 − H29 ⋯ O47 

LPO47
(1)

 → σO28−H29
∗  10.31 

11.86 

14.43 

LPO47
(2)

 → σO28−H29
∗  0.64 1.22 

C36 − H41 ⋯ O28 LPO28
(2)

 → σC36−H41
∗  0.37 0.72 



 

 

C22 − H25 ⋯ O47 LPO47
(2)

 → σC22−H25
∗  0.13 0.22 

C38 − O47  ⋯ H29 − O29 σO28−H29 → σC38−O47
∗  0.15 0.21 

O28  − H29  ⋯ H41 − C36 σC36−H41 → σO28−H29
∗  0.14 0.20 

O28  − H29  ⋯ H47 − O48 σO48−H47 → σO28−H29
∗  0.12 0.15 

 
This analysis indicates that the complexes EpicatO28-H29⋯PheNsp3, EpicatO28-

H29⋯PheOsp2 et EpicatO28-H29⋯PheOsp3 exhibit several interactions of different types. 

These interactions include: O-H⋯N, O-H⋯O, C-H⋯N, C-H⋯O, N-H⋯O, O-H⋯C=O, 

C-H⋯C=O, O-H⋯C=C, C-H⋯C=C, N-H⋯C=C, O-H⋯H-O, O-H⋯H-C, O-H⋯H-N and others. 
As is the case in the Epicatechin…Alanine complexes, the main interactions in the 
Epicatechine…Phenylalanine complexes are hydrogen bonds O-H⋯N, O-H⋯O ; with the 
hydrogen bonds involving the Nsp3 and Osp2 heteroatoms of Phenylalanine being more 
intense than those with the Osp3 site.  The total stabilization energies of the 
Epicatechin…Phenylalanine complexes are higher than those of their Epicatechin…Alanine 
counterparts. These results are consistent with the structure of Phenylalanine, as its 
aromatic ring allows for additional interactions with Epicatechin and Catechin. 
 

3.3 Geometric and spectroscopic parameters 
 
Tables 8 and 9 present the geometric and spectroscopic parameters of the hydrogen bonds 
in the Epicatechin…Phenylalanine and Epicatechin…Alanine complexes studied. In all 
hydrogen bonding interactions O-H⋯O, O-H⋯N et N-H⋯O, the variations in the lengths of 
the O-H and N-H groups are positive (∆d(O-H)>0, ∆d(N-H)>0). The O-H et N-H groups 

elongate. Their elongation frequencies decrease (∆ν(O-H) < 0, ∆ν(N-H)<0). The hydrogen 

bonds O-H⋯O, O-H⋯N et N-H⋯O in the complexes EpicatO28-H29⋯PheNsp3, EpicatO28-

H29⋯PheOsp2 and EpicatO28-H29⋯PheOsp3  are proper hydrogen bonds. The intermolecular 

distances and linearity angles of the O-H⋯O et O-H⋯N hydrogen bonds range from 1.8 to 
1.9 Å and from 139° to 170°, respectively. These intermolecular distances are between 1.5 Å 
and 2.2 Å, while the linearity angles are between 130º and 180º. Thus, the O − H ⋯ O, O −
H ⋯ N hydrogen bonds occurring in Epicatechin...Phenylalanine complexes are medium to 

moderate hydrogen bonds. For N-H⋯O hydrogen bonds, intermolecular distances range 
from 2.18 Å to 2.78 Å, and linearity angles from 94º to 163º. These hydrogen bonds are 
weak. For the C-H⋯O and C-H⋯N interactions, the C − H bond contract (∆d(C-H)<0) while 
their stretching frequencies increase (∆ν(C-H)>0). These interactions are improper or 
unconventional hydrogen bonds. In addition, for these hydrogen bonds, the intermolecular 
distances and linearity angles are between 2.52 Å and 3.15 Å and then between 102º and 
165º, respectively. These unconventional C − H ⋯ O and C − H ⋯ N hydrogen bonds are 
weak. 

The intermolecular distances of the hydrogen bonds O28-H29⋯N39, O28-H29⋯O40 et           

O28-H29⋯O47 are higher. These bonds have lower linearity angles in the EpicatO28-

H29⋯PheNsp3 , EpicatO28-H29⋯PheOsp2 and EpicatO28-H29⋯PheOsp3 complexes than in 

EpicatO28-H29⋯AlaNsp3, EpicatO28-H29⋯AlaOsp2  and EpicatO28-H29⋯AlaOsp3 complexes. 

This indicates the hydrogen bonds of Epicatechin ...Phenylalanine are weaker than those of 
Epicatechin ...Alanine complexes. 



 

 

Table 8: Geometric Parameters of X – H ⋯ Y Interactions (Distance in Å, Angle in Degrees) 

and Stretching Frequency Shifts ∆υ (cm-1) of X – H Bonds in the Epicatechin ⋯ 
Phenylalanine Complexes 

Complexes Interactions d(H⋯Y) ∠XHY 

𝚫d(X−H); 

𝚫d(C−H) 

𝚫𝛎𝐗−𝐇 ; 

𝚫𝛎𝐂−𝐇 

Epicat O28-H29⋯ Phe Nsp3 

C47-H52⋯O28 2.76106 140.8 0.71415 29.8 

C36-H43⋯O28 3.01159 121.5 -0.00089 30.1 

O28-H29⋯N39 1.80202 169.2 0.03136 -640.8 

C22-H43⋯O40 2.53187 162.6 -0.00199 28.1 

Epicat O28-H29⋯ Phe Osp2  
O57-H58⋯O28 1,94960 150.8 0.01051 -200.8 

O28-H29⋯O40 1.82509 147.1 0.01921 -380.8 

Epicat O28-H29⋯ Phe Osp3  

C36-H42⋯O28 2.93600 136.3 -0.00368 29.3 

C51-H56⋯O28 3.05389 150.1 0.00029 -1.3 

O28-H29⋯O57 1.93723 170.4 0.00738 -145.5 

C22-H25⋯O57 3.07497 123.4 -0.00103 12.1 

 

Table 6 : Geometric Parameters of X – H ⋯ Y Interactions (Distance in Å, Angle in Degrees) 

and Stretching Frequency Shifts  ∆υ (cm-1) of X – H Bonds in the Epicatechin ⋯ Alanine 
Complexes [13] 

Complexes Contact d(H⋯Y) ∠XHY 

𝚫d(X−H) ; 

𝚫d(C−H) 

𝚫𝛎𝐗−𝐇 ; 

𝚫𝛎𝐂−𝐇 

Epicat O28 − H29 ⋯ Ala 

Nsp3 

O28 − H29 ⋯ N39 1.79761 171.1 0.03092 -634.8 

C36 − H41 ⋯ O28 2.96005 123.7 -0.002 92.8 

Epicat O28 − H29 ⋯ Ala 

Osp2 

O28 − H29 ⋯ O40 1.80454 168.2 0.01523 -299.1 

N39 − H45 ⋯ O28 2.36187 147.3 0.00096 -8.8 

C22 – H25 ⋯ O43 2.85709 123.2 -0.00157 20.5 

Epicat O28 − H29 ⋯ Ala 

Osp3 

O28 − H29 ⋯ O47 1.93377 172.6 0.00702 -138.7 

C36 – H41 ⋯ O28 2.85381 150.7 -0.00274 19.6 



 

 

C22 – H25 ⋯ O47 3.04357 124.2 -0.00103 12.6 

 
 
AIM molecular graphs of the EpicatO28-H29⋯PheNsp3, EpicatO28-H29⋯PheOsp2  et EpicatO28-

H29⋯PheOsp3 complexes are shown in Figure 3. The parameters of the AIM analysis are 

listed in Tables 10 and 11. The electron densities 𝜌(𝑟) of the BCPs of the intermolecular 

contacts established between X-H groups (X = O, N, C) and the Y heteroatoms (Y = Nsp3, 

Osp2 et Osp3) of Epicatechin and Phenylalanine range from 0,001753 to 0,044983 𝑒𝑎0
−3. The 

Laplacians ▽2ρ(r) of all these interactions are positive. They range from 0.006272 to 

0.099029 𝑒𝑎0
−5. The X-H⋯Y interactions are hydrogen bonds. The total electronic energy 

densities H(r) of most of the O-H⋯Y et N-H⋯Y interactions are negative. Also the ratios − 
G(r)

V(r)
 , ranging from 0.901 to 0.999, satisfy the criterion 0.5 < −

G(r)

V(r)
 < 1. The O-H⋯Y and 

N-H⋯Y interactions are moderate hydrogen bonds with partial covalent character. The 

interaction O28-H29⋯O57, in the EpicatO28-H29⋯PheOsp3 complex has a positive H(r) value, 

with a − 
G(r)

V(r)
 ratio close to 1. This interaction is a moderate hydrogen bond with partial 

covalent character. . The hydrogen bond energy EHB values range from 5 to 10  kcal mol⁄ . 

These values confirm that the O-H⋯Y and N-H⋯Y contacts are moderate hydrogen bonds 
because 4 kcal mol⁄  < EHB < 15 kcal mol⁄ . The AIM parameters of the C–H…O and C–H…N 

contacts are such that:  ▽2(ρ(r) > 0,  H(r) > 0,  − 
G(r)

V(r)
 > 1 et  EHB < 4 kcal mol⁄ . Thus, the 

C–H⋯O and C–H⋯N interactions are classified as weak hydrogen bonds. AIM analysis 
indicates that the complexes EpicatO28-H29⋯PheNsp3, EpicatO28-H29⋯PheOsp2 and 

EpicatO28-H29⋯PheOsp3 are formed through moderate hydrogen bonds of the types O – 

H…Y and N – H…Y alongside which exist weak hydrogen bonds C – H…O and C – H…N. 
Other weak interactions, including C – N … C = C, C – H … C = C et C – H … H – C, are 
also present. 

 

 

 

EpicatO28-H29⋯PheNsp3  

 

EpicatO28-H29⋯PheOsp2 



 

 

 

EpicatO28-H29⋯PheOsp3  

Figure 3 : AIM Molecular Graphs of the Complexes EpicatO28-H29⋯PheNsp3, EpicatO28-

H29⋯PheOsp2 and EpicatO28-H29⋯PheOsp3  

 
Table 10 : Topological Analysis of Bond Critical Points (BCP) of X-H ⋯ Y Contacts in 

Epicatechin ⋯ Phenylalanine Interactions 
 

Contact ρ(r)X−H⋯Y (ea0
−3) ∇2ρ(r)X−H⋯Y (ea0

−5) V(r) (u.a.) G(r) (u.a) H(r) (u.a.) − 
G(r)

V(r)
 EHB(kcal mol⁄ ) 

Epicat𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯Phe𝐍𝐬𝐩𝟑 
       

C22 − H25 ⋯ O40 0.007749 0.026616 -0.005114 0.005884 0.00077 1.151 1.60 

O28 − H29 ⋯ N39 0.043047 0.092126 -0.028724 0.025878 -0.002847 0.901 9.01 

C47 − H52 ⋯ O28 0.004765 0.017933 -0.002862 0.003673 0.000811 1.283 0.90 

Epicat𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯ Phe𝐎𝐬𝐩𝟐 
       

O28 − H29 ⋯ O40 0.034632 0.099029 -0.026296 0.025527 -0.000769 0.971 8.25 

O57 − H58 ⋯ O28 0.025396 0.070728 -0.019068 0.018375 -0.000693 0.964 5.98 

Epicat𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯Phe𝐎𝐬𝐩𝟑 
       

C47 − H52 ⋯ O28 0.003825 0.015396 -0.002036 0.002943 0.000906 1.445 0.64 

O28 − H29 ⋯ O57 0.024092 0.071913 -0.017965 0.017971 0.000007 1.000 5.64 

C51 − H56 ⋯ O28 0.003055 0.011493 -0.001505 0.002189 0.000684 1.454 0.47 

 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
Table 11 : Topological Analysis of Bond Critical Points (BCP) of X-H ⋯ Y Contacts in 

Epicatechin ⋯ Alanine interaction [13] 
 

Contact ρ(r)X−H⋯Y (ea0
−3) ∇2ρ(r)X−H⋯Y (ea0

−5) V(r) (u.a.) G(r) (u.a) H(r) (u.a.) − 
G(r)

V(r)
 EHB(kcal mol⁄ ) 

Epicat𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯Ala𝐍𝐬𝐩𝟑        

O28 − H29 ⋯ N39 0.043552 0.093384 -0.029193 0.02627 -0.002923 0.900 9.16 

Epicat𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯Phe𝐎𝐬𝐩𝟐        

O28 − H29 ⋯ O40 0.032866 0.101413 -0.024061 0.024707 0.000646 1.027 7.55 

N39 − H46 ⋯ O28 0.010796 0.036099 -0.007924 0.008474 0.000550 1.069 2.49 

Epicat𝐎𝟐𝟖 − 𝐇𝟐𝟗 ⋯Phe𝐎𝐬𝐩𝟑        

O28 − H29 ⋯ O47 0.024023 0.072554 -0.017924 0.018031 0.000107 1.006 5.62 

C36 − H41 ⋯ O28 0.004408 0.017568 -0.002366 0.003379 0.001013 1.428 0.74 

 

3.4 NCI-RDG analysis 
 
The 3D graphical visualization of the NCI isosurfaces and the 2D visualization of the reduced 
density gradient (RDG) as a function of sign (λ2) × ρ(r) of the complexes EpicatO28-

H29⋯PheNsp3 , EpicatO28-H29…PheOsp2 and EpicatO28-H29⋯PheOsp3 are shown in Figure 4. 

The 2D visualization of the reduced density gradient (RDG) as a function of sign (λ2) × ρ(r) 

reveals peaks at -0,040 a.u.<sign(λ2)×ρ(r)<-0,010 a.u. These peaks indicate the presence 
of attractive interactions, in particular hydrogen bonds. The blue colour of the isosurfaces 
between the hydrogen atoms of the groups O – H, N – H, C – H and the heteroatoms O and 
N confirm the presence of the hydrogen bonds O-H⋯O, O-H⋯N, C-H⋯O and N-H⋯O. 

Peaks at 0,010 a.u.<sign(λ2)×ρ(r)<0,020 a.u. show the presence of repulsive interactions 
(steric hindrances). These repulsive interactions take place between the O and O atoms, O 
and N atoms and within the aromatic rings. Red isosurfaces appear between these atoms 
and within the aromatic rings. In the complex Epicat O28-H29⋯Phe Osp3, the presence of 

green isosurfaces reveals the existence of van der Waals (VDW) interactions. The peaks 
corresponding to these interactions are observed at sign(λ2)×ρ(r)=0. 
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Epicat  O28-H29⋯Phe Osp2 

 

 
Epicat  O28-H29⋯Phe Osp3 

Figure 4 : NCI Isosurface and Reduced Density Gradient (RDG) Plot as a Function of 

sign(λ2)×ρ(r) for the Complexes EpicatO28-H29⋯PheNsp3, EpicatO28-H29⋯PheOsp2  and 

EpicatO28-H29⋯PheOsp3 

 
 



 

 

 
 
 
 
 

4. CONCLUSION 
 
We performed a detailed theoretical analysis of the complexes EpicatO28-H29⋯PheNsp3, 

EpicatO28-H29…PheOsp2 and EpicatO28-H29⋯PheOsp3. The structures of these complexes 

were optimized, and harmonic frequency analyses were performed. The structure of 
Phenylalanine is equivalent to that of Alanine, with a hydrogen atom on the β-carbon 
replaced by a phenyl group. This structural difference is also reflected in the complexes 
formed. Indeed, the interaction energies of the Epicatechin…Phenylalanine complexes are 
higher than those of the Epicatechin…Alanine complexes. Additionally, the formation of 
Epicatechin…Phenylalanine complexes is non-spontaneous, unlike the 
Epicatechin…Alanine complexes. 

The NBO analysis reveals that the interactions in the Epicatechin…Alanine complexes are 
more numerous than those in the Epicatechin…Phenylalanine complexes, particularly due to 
repulsive interactions caused by the presence of the phenyl group. The total stabilization 
energies of the Epicatechin…Phenylalanine complexes are higher than those of their 
Catechin…Alanine and Epicatechin…Alanine counterparts. However, the stabilization 
energies of the primary interactions in the homologous complexes are of the same order. 
Thus, complexes formed with proteins composed of low-molecular-weight amino acids 
(notably alanine) will be more stable than those formed with proteins composed of high-
molecular-weight amino acids or those containing aromatic rings (notably phenylalanine). In 
contrast to the complexes formed with low-molecular-weight amino acids, those formed with 
high-molecular-weight proteins are unlikely to be found in large quantities in stools and urine. 
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