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 This theoretical study investigates the adsorption of eco-friendly tannins on cellulose surfaces as 
a means to develop sustainable wood adhesives with reduced formaldehyde emissions. 
Conceptual density functional theory calculations reveal the global and local chemical reactivity 
parameters governing the interaction between tannins and wood substrates. Monte Carlo 
simulations explore the configuration space of substrate adsorbate, while molecular dynamics 
simulations elucidate the binding strength and stability of tannins. The results demonstrate that 
tannins adsorb parallel to the cellulose surface, driven by donor-acceptor interactions. The 
adsorption energy calculations reveal spontaneous adsorption, with prodelphinidin exhibiting the 
strongest adsorption energy. This research provides valuable insights into the adsorption 
behavior of tannins and contributes to the development of eco-friendly wood adhesives that 
mitigate formaldehyde emissions.  
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1. Introduction  
 

 The demand for environmentally friendly wood adhesives in the wood industry is increasing due to environmental 
concerns and the urgent need for sustainable alternatives1. Traditional synthetic wood glues, while popular for their 
affordability, fast curing time, and strong bonding properties, have significant disadvantages due to the release of toxic 
formaldehyde during and after application1–4. To address this issue, the researchers turned their attention to the potential of 
tannins as additives with the goal of reducing harmful formaldehyde emissions and reducing production costs associated 
with formaldehyde-based wood adhesives5–9. 

In this context, the present article contributes to the body of knowledge with a comprehensive theoretical study focusing 
on the adsorption behavior of tannins on cellulose surfaces, commonly found in wood materials. The study uses advanced 
computational methods, in particular conceptual density functional theory (CDFT)10, to delve into the intricate details of 
three distinct molecules of tannin compounds, namely procyanidin, profisetidin, and prodelphinidin. 

Conceptual density functional theory calculations have proven to be a powerful tool for assessing the stability and 
reactivity of molecules. Using conceptual density functional theory, researchers can investigate the stability and reactivity 
of tannins by examining global and local descriptors of chemical reactivity11,12. These descriptors provide valuable 
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information on electronic structure, molecular frontier orbitals and provide information on charge transfer between tannin 
molecules and their wood surface counterparts. Using natural bond orbital (NBO) analysis and CDFT methods, we perform 
calculations to determine the electron density (ED) distribution and E(2) energy in different bonding and antibonding 
orbitals. These calculations provide convincing evidence of the stability resulting from hyperconjugation in various 
intramolecular interactions. 

The adsorption of tannins onto wood surfaces, in particular cellulose (ꞵ-Cellulose)13, was investigated using 
complementary calculations that were performed in addition to CDFT calculations. The first method included statistical 
thermodynamic calculations based on Monte Carlo (MC) simulations, and the second method included molecular dynamics 
(MD) simulations. The results of these simulation tools provide insight into bond energy distributions, adsorption 
configurations, and implications for the development of a sustainable wood adhesive. 

In conclusion, this theoretical study combines the capabilities of conceptual density functional theory and global and 
local chemical reactivity descriptors to investigate in detail the stability and reactivity of different tannin molecules. By 
examining their behavior on cellulose surfaces, this research makes a significant contribution to understanding their 
potential as non-polluting additives in wood adhesive formulations. Ultimately, the results of this study promise to advance 
the development of more environmentally friendly and safer wood adhesives in the industry, in line with the growing 
demand for sustainable practices and environmentally friendly solutions. 

2. Computational Methods 
 

The Gaussian computer program is widely used by scientists, including chemists, chemical engineers, biochemists, 
physicists, and many others. Based on the fundamental laws of quantum mechanics14, Gaussian lets you predict the energies, 
molecular structures, vibrational frequencies, and chemical properties of complex molecular systems11,12,15–17. Molecules 
and reactions can be studied under a wide range of conditions, not only for stable species or complex compounds but also 
for experimentally unobservable compo. We employed the CDFT approach with the B3LYP functional, which combines 
Becke's three-parameter hybrid functional with Lee-Yang-Parr correlation functional theory18–20, to optimize the geometries 
of all the molecules. The spherical basis set 6-311G (d, p) was used for the calculations. The B3LYP functional with the 6-
311G (d,p) basis set has been chosen for several reasons. One of these reasons is that it provides a good balance between 
accuracy and computational efficiency; this combination generally offers a good compromise between result precision and 
computation time. The 6-311G (d,p) basis set is sufficiently flexible to adequately describe the electron distribution of many 
molecules, while remaining computationally affordable. Additionally, the 6-311G (d,p) basis set uses a triple-zeta 
description for the valence orbitals, meaning they are described by three sets of Gaussian functions. This allows for a better 
representation of the electronic correlation effects in the valence region21-23. 

To study the reactivity of three molecules of tannin compounds, namely procyanidin, profisetidin, and prodelphinidin, 
various energy parameters were calculated. These include the energy of the highest occupied molecular orbital (HOMO), 
the energy of the lowest unoccupied molecular orbital (LUMO), the energy gap between LUMO and HOMO (ΔΕ), the 
dipole moment (D) and the electron affinity (EA). These calculations provide insight into the reactivity of the compounds 
studied. 

Global reactivity descriptors are used to evaluate the overall reactivity of a chemical compound. The global parameters 
used in this study, which is based on CDFT, are electronegativity (ꭓ), chemical potential (μ), global hardness (η), global 
softness (S), maximum charge transfer (∆𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚), global electrophilicity index (ω), global nucleophilicity index (Nu), Dipole 
Moment and Polarizability (𝛼𝛼). The IP and EA parameters can be substituted by the frontier orbital energy by the following 
Eq. (1) Eq. (2)24–27. 

IP = −𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻                              (1) 

EA = −ELUMO                       (2) 

     The key concept in the CDFT approach is electronegativity, which can be defined as the first derivative of energy (E) 
with respect to the total number of electrons N. Parr and Pearson demonstrated that the second derivative of energy is equal 
to the negative value of the chemical potential, as shown by relation (3)28. 

χ = −μ = −�
∂E
∂N
�
V(r�⃗ )

 
(3) 

Eq. (4) can be used to provide the operational equations for calculating these two parameters by using the method of 
finite differences15,16,29. 

χ = −μ ≃
1
2

(IP + EA)                  (4) 
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According to Eq. (5)30, the global hardness, or second derivative of energy E with respect to N, is a crucial variable for 
comprehending structure and reactivity. 

η = �
𝜕𝜕2𝐸𝐸
𝜕𝜕𝑁𝑁2�

V(r�⃗ )
= �

∂μ
∂N
�
V(r�⃗ )

 
(5) 

the nucleophilicity N′ index as the inverse of Gázquez’ selectrodonating ω- power31.  

𝑁𝑁′ =
10
ω−                 (6) 

 In a recent study, Gázquez et al32. established the electroaccepting power (as indicated in Eq. (7)), denoted as 𝜔𝜔+, and 
the electrodonating power (as shown in Eq. (8)), represented as 𝜔𝜔: 

𝜔𝜔− =
𝐸𝐸𝐸𝐸2

2(𝐼𝐼𝐼𝐼 − 𝐸𝐸𝐸𝐸)
 

(7) 

𝜔𝜔+ =
𝐸𝐸𝐸𝐸

2(𝐼𝐼𝐼𝐼 − 𝐸𝐸𝐸𝐸)
 (8) 

Global softness (S) is a term used to represent the opposite side of hardness. Equations (9) and (10) can be used to 
calculate S and η33. 

η ≃
1
2

(IP − EA) (9) 

S =
1

2η
 (10) 

The electrophilicity index (w) measures the stabilization of energy when the system acquires an additional electronic 
charge from the environment. In fact, Parr et al 16,34–37 established the following  Eq. (11) to calculate this parameter. 

ω =
μ2

2η
 

(11) 

According to the Kohn-Sham scheme11,38–41, the empirical nucleophilic index is defined by the following equation. 

Nu =  EHOMO(Nu) − EHOMO(TCE) (12) 

Tetracyanoethylene (TCE) is taken as a reference due to its lowest Highest Occupied Molecular Orbital (HOMO) energy 
in a large series of molecules. In this scale, the nucleophilic index of TCE is EHOMO (TCE) = -0.335198 Hartree, calculated 
with CDFT/B3LYP 6-311G (d, p).  

Fukui functions42,43 can be employed to determine the electron density after the addition or removal of electrons to 
determine the optimal attack site, or so-called regioselectivity in chemical reactivity . They can determine where the most 
electrophilic and nucleophilic regions are located in the molecule. The condensed Fukui function can be used to account for 
the local chemical reactivity of each atom44–46. It is then possible to determine the local softness. In this study, we applied 
DMol3to run the Fukui functions(𝑓𝑓𝑘𝑘), and BIOVIA Materials Studio47,48 was used to create the graphical representations. 
For nucleophilic attack and electrophilic attack, the following relations express them. 

f+ ≃ |ΨLUMO|2 + 2 � �
∂�Ψj(r)�2

∂N
�

+HOMO

j=1

 
 

(13) 

f− ≃ |ΨHOMO|2 + 2 � �
∂�Ψj(r)�2

∂N
�

−LUMO

j=1

 
(14) 

It has also been suggested to predict the local reactivity (site selectivity) of a chemical species using condensed local 
electrophilicity at atom k (𝜔𝜔𝑘𝑘) and condensed local nucleophilicity at atom k (𝑁𝑁𝑘𝑘). The equation below provides these 
parameters. 

𝑁𝑁𝑘𝑘− = 𝑁𝑁. 𝑓𝑓𝑘𝑘−               (15) 
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𝜔𝜔𝑘𝑘
+ = 𝜔𝜔. 𝑓𝑓𝑘𝑘+ (16) 

To predict the local reactivity of a chemical species, several other local reactivity descriptors have been suggested. These 
include Parr functions (Pk), the local nucleophilicity at atom k (Nk), and the local electrophilicity index at atom k (ωk). The 
corresponding equations for these parameters are provided in Eq. (17) and Eq. (18)49-51. 

𝑁𝑁𝐾𝐾− = 𝑁𝑁.𝑃𝑃𝐾𝐾−    (17) 

𝜔𝜔𝐾𝐾
+ = 𝜔𝜔.𝑃𝑃𝐾𝐾+ (18) 

3. Results and discussion 
 

3.1. Global chemical reactivity descriptors and energetic parameters 

     To find the most stable conformation for every single component, we first optimized the molecular structures of three 
different molecules of tannin compounds, namely procyanidin, profisetidin and prodelphinidin. B3LYP/6-311G (d, p) in 
the gas phase and water as the solvent was employed to further refine the ideal conformation (Fig.1). Without any symmetry 
restrictions, the geometries of these molecules are all created for the singlet spin state. All stationary points were determined 
to be minima by a Hessian calculation using Gaussian software (no imaginary frequencies). 

 

 

Fig. 1.DFT/B3LYP optimized structures of Procyanidin, Profisetidin, and Prodelphinidin. 

Adsorption is a surface phenomenon that occurs when atoms, ions, or molecules from a gas phase, liquid or solid solution 
bind to a solid surface. The interaction of the adsorbate with a surface, which may involve a variety of more or less intensive 
processes, including Van der Waals interactions, dipolar interactions, or covalent or ionic chemical bonds, forms the basis 
of the adsorption process.The latter, i.e. chemical bonds, are mainly due to the formation of donor-acceptor complexes on 
the surface of the adsorbent. σ-electron donation is based on donor-acceptor interactions between conjugated π-electrons or 
between unshared electron pairs of adsorbate heteroatoms and vacant atomic orbitals on the solid surface52. 

Numerous investigations have shown that the orbital interaction approach results from the physical and /or chemical 
interaction between an electrophile and a nucleophile that takes place when the HOMO (donor) and LUMO (acceptor) 
overlap. Table 1 presents the energy parameters and global chemical reactivity descriptors of the Tannin derivatives in the 
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aqueous phase by using the conductor-like polarizable continuum model (CPCM)by means ofthe B3LYP/6-311G (d, p) 
method. 

Table 1. Energetic parameters and Global chemical reactivity descriptors of the molecules. 
Molecules Procyanidin Profisetidin Prodelphinidin β-Cellulose monomer 

EHOMO (eV) -5.98 -5.97 -5.98 - 6.99 
ELUMO  (eV) -0.42 -0.43 -0.22 0.77 

ꭓ (eV) 3.20 3.20 3.10 3.11 
𝜇𝜇 (eV) -3.20 -3.20 -3.10 -3.11 
𝜂𝜂 (eV) 2.77 2.77 2.88 3.88 

 𝑆𝑆(eV)−1 0.18 0.18 0.17 0.12 
ω(eV) 0.92 0.92 0.83 0.62 
ω− (eV) -3.21 -3.21 -3.10 -3.10 
ω+(eV) 0.01 0.01 0.00 0.59 
𝑁𝑁′(eV) -3.11 -3.11 -3.22 -2.68 
Nu(eV) 3.38 3.3898 3.38 2.37 

Dipole Moment 4.71 2.77 5.98 6.03 
Polarizability(𝛼𝛼) 241.87 237.26 247.18 212.41 

Molarvolume(𝑐𝑐𝑐𝑐3 𝑚𝑚𝑚𝑚𝑚𝑚⁄ ) 192.35 175.47 221.36 206.64 
 

A detailed analysis of Table 1 shows that the molecules studied have significantly different values for The polarity 
(dipole moment) and Polarizability (α) of the adsorbed molecules; The size of these molecules (molar volume). It should 
be noted that these parameters can affect the physical adsorption of a substance to support. In fact, the dipole moment is a 
measure of the asymmetry of the molecular charge distribution and the polarity of a polar covalent bond. It is defined as the 
product of the charge of the atoms and the distance between the two bonded atoms. It is principally used to study 
intermolecular interactions involving dipole-dipole forces of the Van der Waals type, because the greater the dipole moment, 
the stronger the intermolecular attraction , so a high value of dipole moment probably increases adsorption between a 
chemical compound and a substrate surface.The ability of the electron cloud to deform in response to an external electric 
field is quantified as polarisability. In chemical reactions, the most stable species (reactants or products) have the lowest 
sum of polarisability, whereas the most reactive species are those with the highest polarizability.When the contact surface 
between a molecule and the substrate is significant, molecules attach to surfaces more successfully. The strength of 
adsorption then increases as a result of the molar volume increasing contact. 

by the electric dipole moments acting on each other. Each generates an electric field to which the other is subjected, 
producing two forces that work together to align the moments with each other53,54. The dipole moment and average 
polarizability (α) of the Prodelphinidin molecule are higher,respectively equal to (5.9879 D), (247.184 (ua)), which 
considerably increases its dipole-dipole interaction with the β-cellulose and leads to better adsorption on the β-cellulose 
surface. Based on our findings, it is evident that Prodelphinidin has the biggest molecular volume (221.361(𝑐𝑐𝑐𝑐3 𝑚𝑚𝑚𝑚𝑚𝑚⁄ )), 
which raises the contact surface and, thus, the potential for adsorption onto the β-cellulose surface.This result leads us to 
propose that the interaction between these molecules derived fromtannins and the β-cellulose surface is electrostatic 
(physisorption). This interaction suggests that Columb interactions may be dominant and that interactions are governed by 
charge control. 

The analysis of ω− and ω+ indicates that the ꞵ-cellulose molecule exhibits the highest electroacceptor capacity, as 
evidenced by its ω+ value of 0.59 eV, which surpasses that of the other molecules. Conversely, the Prodelphinidin molecule 
demonstrates a greater electrodonor characteristic due to its significant ω− value of -3.10 eV.In this work, we performed 
additional calculations to determine which interactions are responsible for the cohesion of the tannin-cellulose system. 
Chemoselectivity, NBO analysis, Monte Carlo simulation and molecular dynamics are used in these calculations. 

3.2. Regioselectivity Index and NBO Analysis 
 
3.2.1. Regioselectivity Index 

 
Our molecular system has several reactive sites, and the reaction occurs selectively at one of these sites. We have used 

quantitative tools such as Fukui indices (𝑓𝑓𝑘𝑘)and Parr indices (𝑝𝑝𝑘𝑘), and qualitative tools such as chemical electrostatic potential 
(MEP) to analyze and evaluate the reactivity of different sites within the same chemical system. In order to comprehend the 
binding in this family of complexes (tannins-β-Cellulose), the potential for a close correlation between these interactions and 
the van der Waals penetration distance, and to study the presence of potent and stable intermolecular O-H---O interactions, 
natural bond orbital or NBO, have been calculated. Studies on the chemical reactivity or biological activity of a molecule can 
be conducted using the Molecular Electrostatic Potential (MEP), which offers comprehensive information. The binding of a 
substrate to the active site of a receptor is primarily governed by the three-dimensional distribution of the electrostatic potential. 
MEP is typically applied in the form of reactivity maps, which display the regions of organic molecules that are most vulnerable 
to electrophilic or nucleophilic attack by charged reactants. 
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In this study, we used the B3LYP/6-311G (d, p) method to calculate the molecular electrostatic potential (EMP) of the tannin 
surface. Fig. 2 shows the electrostatic potential maps of procyanidin, profisetidin, and prodelphinidin with HOMO and LUMO. 
The region’s most likely to be subject to electrophilic or nucleophilic interactions are highlighted in these maps, which provide 
valuable information on tannin reactivity. We examined potential interaction locations using Fukui functions and Parr functions 
to complement the molecular electrostatic potential (MEP) results. Fig. 2also shows the mapping of Fukui indices for 
nucleophilic (𝑓𝑓+)and electrophilic (𝑓𝑓−) attacks on an electron density surface with an isovalue of 0.002. 
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Fig. 2. ESP and Fukui Indices maps of Procyanidin, Profisetidin, and Prodelphinidin. 
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     From the electrostatic potential surface created and represented in Fig. 2, we can determine where the highest electron 
density is found (in the reddest areas) and where the lowest electron density is found (in the darkest blue areas). For the 
Procyanidin molecule, the electrostatic potential mapped with HOMO is well localized on atoms C4, C22, C26, C28, O29, 
and O31, meaning that these sites are potentially preferable for electrophilic attack. In contrast, the electrostatic potential 
mapped with LUMO is localized on atoms C26, and C28, and mainly on atoms C23 and C24, meaning that these atoms are 
indeed preferential sites for nucleophilic attack. The mapping of Fukui index for nucleophilic (𝑓𝑓+) and electrophilic(𝑓𝑓−) 
attacks on an electron density surface (Fig. 2) and the Parr index determined by the Hirshfeld charge (Table 2) strongly 
support this finding. Following the same approach, Table 2 and Fig.2 show that atoms C4, O7, O15, and C29 of the 
Profisetidin molecule are the preferred sites for the electrophilic attack, while atoms C22, C26, and in particular C20 and 
C24 are the most convenient sites for the nucleophilic attack. In the Prodelphinidin molecule, the preferential sites for 
electrophilic attack are C4 and O15, and the most favored locations for nucleophilic attack are C21, C22, and C28. 

Table 2. Local electrophilic (𝑤𝑤+), local nucleophilic (𝑁𝑁−) power, Parr Index for Electrophilic Attack(𝑃𝑃𝑘𝑘−), Parr Index for 
Nucleophilic Attack(𝑃𝑃𝑘𝑘+)of Procyanidin, Profisetidin, and Prodelphinidin. 

Hirshfeld index 
 Procyanidin Profisetidin Prodelphinidin 

Atoms 𝑃𝑃𝑘𝑘+ 𝑃𝑃𝑘𝑘− 𝜔𝜔+ 𝑁𝑁− 𝑃𝑃𝑘𝑘+ 𝑃𝑃𝑘𝑘− 𝜔𝜔+ 𝑁𝑁− 𝑃𝑃𝑘𝑘+ 𝑃𝑃𝑘𝑘− 𝜔𝜔+ 𝑁𝑁− 
C1 0.08 0.00 0.08 0.00 0.06 0.00 0.05 0.00 0.08 0.00 0.07 0.00 
C2 0.02 0.00 0.02 0.00 -0.03 0.09 -0.03 0.31 0.02 0,01 0.02 0.03 
C3 -0,01 0,00 -0,01 0.00 0.06 0.03 0.05 0.13 -0.02 0.09 -0.01 0.32 
C4 0.33 0.00 0.30 0.00 0.28 -0,02 0,26 -0.06 0.32 0.00 0.27 0.00 
C5 -0.03 0.00 -0.03 0.00 -0.10 0.12 -0.09 0.42 -0.03 0.02 -0.02 0.06 
O7 0.04 0.00 0.04 0.00 0.10 0.00 0.09 0.00 0.04 0.00 0.03 0.00 
C8 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.05 
C11 0.01 0,00 0,01 0.00 0.02 0.00 0.02 0.00 0.01 0.01 0.01 0.05 
C13 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.06 0.00 0.03 0.00 0.11 
O15 0.07 0.00 0.07 0.00 0.06 0.00 0.06 0.00 0.07 0.00 0.06 0.00 
O17 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 
O19 0.01 0.03 0.01 0.11 0.05 0.04 0.04 0.16 0.01 0.00 0.01 0.00 
C20 - - - - -0.02 0.29 -0.02 1.01 - - - - 
C21 0.05 0.05 0.04 0.17 0.05 -0.02 0.05 -0.08 0.07 0.33 0.06 1.12 
C22 0.08 -0.01 0.07 -0.06 0.04 0.02 0.04 0.07 0.02 0.06 0.01 0.22 
C23 -0.02 0.37 -0.02 1.27 - - - - -0.02 0.11 -0.02 0.37 
C24 -0.03 0.37 -0.03 1.26 -0.02 0.26 -0.02 0.90 0.00 0.00 0.00 0.00 
C26 0.07 0.05 0.07 0.17 0.07 0.07 0.07 0.25 0.04 -0.03 0.04 -0.10 
O27 - - - - 0.04 0.00 0.03 0.00 - - - - 
C28 0.09 0.07 0.08 0.26 - - - - 0.13 0.24 0.10 0.82 
C29 - - - - 0.23 0.03 0.21 0.12 - - - - 
O29 0.04 0.00 0.04 0.00 - - - - 0.07 0.01 0.05 0.06 
O31 0.05 0.00 0.05 0.00 - - - - 0.04 0.00 0.03 0.00 
C33 - - - - - - - - 0.06 0.05 0.05 0.20 
O33     0.03 0.00 0.03 0.00 - - - - 
C34 0.07 0.00 0.06 0.00 - - - - - - - - 
O35 - - - - - - - - 0.00 0.00 0.00 0.00 

 
3.2.2 NBO Analysis 

 
NBO analysis provides a practical basis for the study of charge transfer or conjugative interactions in molecular systems. 

It offers a useful approach to studying these interactions, which result in a loss of occupancy of the localized NBOs of the 
idealized Lewis structure to vacant non-Lewis orbitals55. 

 
The second-order Fock matrix was used in this study to evaluate donor-acceptor interactions based on NBO56.These 

interactions lead to the transfer of electron density from NBO-filled in one subsystem to empty non-Lewis orbitals in another 
subsystem. 

 
The calculations of Natural Bond Orbitals (NBOs) were performed using the Gaussian 09W software and molecular 

visualization program Gauss-View with CDFT/B3LYP method57. The purpose was to understand various second-order 
interactions between filled orbitals of one subsystem and vacant orbitals of another subsystem, which indicate delocalization 
or intermolecular hyperconjugation. Second-order perturbation theory analysis of the Fock matrix in the NBO basis was 
conducted, and the results are presented in Table 3. Table 3 shows the occupancies and energies of i and j orbitals and the 
corresponding E (2) values for the LP (2) and bonding (π) to antibonding (π*) transitions. A maximum E (2) contribution 
of 29.53 kcal/mol was provided by the LP (2) 15 → π* (C1- C34) interaction for Procyanidin, Profisetidin, and 
Prodelphinidin molecules. The O12 → π* (C6- C7) interaction in the Profisetidin molecule gave rise to a maximum E (2) 
contribution of 28.67 kcal/mol. In addition, bonding (π) and non-bonding (π*) interactions played a substantial role in 
structural stability. In Procyanidin and Prodelphinidin molecules, these interactions had a maximum E (2) of 28.60 kcal/mol, 
while in Profisetidin molecule they had a maximum E (2) of 29.46 kcal/mol. 
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Table 3. Second-order Perturbation Theory Analysis of fock Matrix in NBO Basis. 
Molecules Donor type ED/e acceptor type ED/e E(2) E(j)-E(i) E(i, j) 

Procyanidin 

C1-C34 π 1.69394 C2-C3 π* 0.43031 12.87 0.29 0.056 
C1-C34 π 1.69394 C4-C5 π* 0.43479 26.63 0.29 0.081 
C2-C3 π 1.68380 C1-C34 π* 0.44321 28.21 0.28 0.081 
C2-C3 π 1.68380 C4-C5 π* 0.43479 14.37 0.29 0.059 
C4-C5 π 1.65810 C1-C34 π* 0.44321 14.17 0.27 0.057 
C4-C5 π 1.65810 C2-C3 π* 0.43031 28.60 0.28 0.082 

C21-C22 π 1.69411 C23-C26 π* 0.38574 18.74 0.28 0.066 
C21-C22 π 1.69411 C24-C28 π* 0.39034 19.60 0.28 0.067 
C23-C26 π 1.67550 C21-C22 π* 0.38025 20.89 0.30 0.071 
C23-C26 π 1.67550 C24-C28 π* 0.39034 19.33 0.29 0.068 
C24-C28 π 1.69007 C21-C22 π* 0.38025 18.78 0.30 0.068 
C24-C28 π 1.69007 C23-C26 π* 0.38574 19.44 0.29 0.069 

O7 Lp(2) 1.85293 C2-C3 π* 0.43031 26.53 0.34 0.092 
O15 Lp(2) 1.87473 C1-C34 π* 0.44321 29.53 0.34 0.098 
O17 Lp(2) 1.87245 C4-C5 π* 0.43479 27.75 0.36 0.097 
O19 Lp(2) 1.95222 C24-C28 π* 0.39034 26.10 0.35 0.093 
O31 Lp(2) 1.87315 C23-C26 π* 0.38574 27.87 0.35 0.094 

Profisetidin 

C1-C4 π 1.68149 C2-C5 π* 0.44283 14.09 0.29 0.058 
C1-C4 π 1.68149 C6-C7 π* 0.44592 28.70 0.28 0.082 
C2-C5 π 1.64941 C1-C4 π* 0.44726 29.46 0.27 0.082 
C2-C5 π 1.64941 C6-C7 π* 0.44592 14.46 0.27 0.057 
C6-C7 π 1.68041 C1-C4 π* 0.44726 13.47 0.28 0.057 
C6-C7 π 1.68041 C2-C5 π* 0.44283 27.48 0.29 0.082 

C14-C15 π 1.68403 C16-C19 π* 0.39347 19.72 0.27 0.067 
C14-C15 π 1.68403 C17-C21 π* 0.38802 19.90 0.27 0.067 
C16-C19 π 1.69382 C14-C15 π* 0.37657 19.65 0.31 0.070 
C16-C19 π 1.69382 C17-C21 π* 0.38802 18.89 0.29 0.068 
C17-C21 π 1.67152 C14-C15 π* 0.37657 19.71 0.30 0.069 
C17-C21 π 1.67152 C16-C19 π* 0.39347 20.09 0.29 0.069 

O9 Lp(2) 1.85351 C1-C4 π* 0.44726 26.73 0.34 0.092 
O10 Lp(2) 1.87237 C2-C5 π* 0.44283 27.68 0.36 0.096 
O12 Lp(2) 1.87505 C6-C7 π* 0.44592 28.67 0.34 0.097 
O23 Lp(2) 1.87528 C17-C21 π* 0.38802 27.38 0.35 0.093 
O25 Lp(2) 1.88773 C16-C19 π* 0.39347 25.90 0.36 0.092 

Prodelphinidin 

C1-C33 π 1.69372 C2-C3 π* 0.43020 12.89 0.29 0.056 
C1-C33 π 1.69372 C4-C5 π* 0.43486 26.63 0.29 0.081 
C2-C3 π 1.68408 C1-C33 π* 0.44303 28.16 0.28 0.081 
C2-C3 π 1.68408 C4-C5 π* 0.43486 14.37 0.29 0.059 
C4-C5 π 1.65768 C1-C33 π* 0.44303 14.18 0.27 0.057 
C4-C5 π 1.65768 C2-C3 π* 0.43020 28.60 0.28 0.082 

C21-C23 π 1.71726 C22-C24 π* 0.42372 16.13 0.28 0.062 
C21-C23 π 1.71726 C26-C28 π* 0.43200 22.12 0.27 0.072 
C22-C24 π 1.69043 C21-C23 π* 0.40663 22.33 0.30 0.074 
C22-C24 π 1.69043 C26-C28 π* 0.43200 16.99 0.28 0.064 
C26-C28 π 1.64809 C21-C23 π* 0.40663 16.80 0.30 0.064 
C26-C28 π 1.64809 C22-C24 π* 0.42372 23.33 0.29 0.075 

O7 Lp(2) 1.85340 C2-C3 π* 0.43020 26.33 0.34 0.092 
O15 Lp(2) 1.87469 C1-C33 π* 0.44303 29.53 0.34 0.098 
O17 Lp(2) 1.87233 C4-C5 π* 0.43486 27.77 0.36 0.097 
O29 Lp(2) 1.97494 C26-C28 π* 0.43200 23.36 0.35 0.088 
O31 Lp(2) 1.87393 C26-C28 π* 0.43200 28.09 0.34 0.095 
O35 Lp(2) 1.88465 C22-C24 π* 0.42372 26.65 0.35 0.094 

 

4. Methods for Adsorption Localizers and Molecular Dynamics Simulations 
 

To better understand where tannins bind to the cellulose surface and how the binding strength of the adsorbate to the 
substrate changes, we carried out further calculations using the adsorption localization method by performing Monte Carlo 
simulations on the adsorbate-substrate configuration space to identify possible adsorption configurations.  This simulation 
method was implemented by constructing 3D cells containing a cellulose surface and a single species of tannin. The first 
step was to construct a crystalline cellulose lattice using PBC/3D space group symmetry and cut along the (001) plane with 
a thickness of 44 Å. The unit cells are then periodically replicated to combine into larger supercells with parameters a = 
46.704 Å, b = 49.212 Å, and c = 44.118 Å, i.e. 6 × 6 times the original unit cell, using an empty region of 90 Å is Added 
periodic boundary conditions. The tannin compound optimized by CDFT/B3LYP/6-311G (d, p) calculations was imported 
using Materials Studio 2017 software. 
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4.1. Monte Carlo simulations 
 
In order to achieve the most advantageous adsorption possible based on Monte Carlo simulations, the theoretical study 

in this work focuses on the interaction between tannin molecules and the cellulose surface. On the cellulose surface (001), 
the individual molecules are localized in the area of the surface determined by the force field values. Figs. 3-8 show top and 
side views of the most stable adsorption configurations of tannin molecules attached to the surface. 

 
Based on the donor-acceptor interactions between conjugated π-electrons and/or lone oxygen pairs in tannin molecules 

(side and top view), the different adsorption configurations presented in the figures3-8 show that all these molecules adsorb 
roughly parallel to ꞵ-Cellulose (001) (side view). Consequently, even with low concentrations of tannin, this parallel 
adsorption mechanism results in greater ꞵ-Cellulose (001) surface coverage. 

 
The adsorption energy distribution for the tannin (ꞵ-Cellulose (001) system, as well as the total energy, rigid adsorption 

energy, deformation energy, and energy of substrate-adsorbate configurations where one of the adsorbate components has 
been removed, obtained by the adsorption localization module using Monte Carlo simulation, are summarized in Table 4. 
The adsorption energy is defined as the sum of the rigid adsorption energy and the deformation energy of the adsorbate 
components. Rigid adsorption energy corresponds to the energy released when the unstretched adsorbate components are 
adsorbed onto the substrate. The deformation energy represents the energy released when the adsorbent component on the 
substrate surface relaxes. 

 
The values provided in Table 1 show that the calculated adsorption energy values of the adsorption systems are all 

negative, meaning that adsorption could occur spontaneously. The larger negative interaction energy values can be attributed 
to the strong adsorption between the tannin molecules and the ꞵ-Cellulose surface (001). It is evident that the compound 
Prodelphinidin gives higher adsorption energy (-64.9 Kcal/mol), which means that the adsorption of this compound on the 
ꞵ-Cellulose (001) surface is very strong. The high adsorption energy value indicates that these tannin molecules are in fact 
capable of adsorbing onto the ꞵ-Cellulose (001) surface, with a very remarkable advantage for Prodelphinidin over the other 
molecules, namely Procyanidin and Profisetidin. This latter result confirms those found by the physical parameters affecting 
physical adsorption. 
 

  
 

Fig. 3. Side top view of the most stable 
adsorption configurations of Procyanidin over 
ꞵ-Cellulose (001) surface 

Fig. 4. Top view of the most stable 
adsorption configurations of Procyanidin 
over ꞵ-Cellulose (001) surface 

Fig. 5. Side top view of the most stable adsorption 
configurations of Profisetidin over ꞵ-Cellulose (001) 
surface 

   
Fig. 6. Top view of the most stable adsorption 
configurations of Profisetidin over ꞵ-Cellulose 
(001) surface 

Fig. 7. Side top view of the most stable 
adsorption configurations of 
Prodelphinidin over ꞵ-Cellulose (001) 
surface 

Fig. 8. Top view of the most stable adsorption 
configurations of Prodelphinidin over ꞵ-Cellulose 
(001) surface 
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Table 4. Adsorption energies for tannin (1-3) compounds on the ꞵ-Cellulose surface (Kcal/mol). 
Structures Total Energy Adsorption Energy Rigid Adsorption Deformation Energy 

(×10-10) dETANNIN dNi⁄  

Procyanidin-ꞵ-Cellulose -31.7 -57.4 -62.0 4.6 -57.4 
Profisetidin-ꞵ-Cellulose -76.4 -62.2 -61.1 -1.0 -62.2 

Prodelphinidin-ꞵ-Cellulose -90.0 -64.9 -68.5 3.6 -64.9 
 

4.2. RDF Functions 
 

     The probability of finding a particle A at a distance r from a particle B is expressed by the radial distribution function 
(RDF), defined by the equation (19)58,59. In other words, it explains how the density of the region around a point varies with 
distance. The RDF is highly dependent on the type of material. Consequently, it differs considerably for solids, gases, and 
liquids. It provides data on the frequency of occurrence of a particular distance. RDF curves reflecting crystalline structures 
can show significant peaks, as can X-ray diffraction (XRD) curves, demonstrating that a certain interatomic spacing is 
frequently present in the structure. It can be expressed as shown above by the density of the species averaged over all shells 
around the species. 

g𝐴𝐴𝐴𝐴(𝑟𝑟) =
1

〈𝜌𝜌𝐵𝐵〉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
×

1
𝑁𝑁𝐴𝐴

��
𝛿𝛿�𝑟𝑟𝑖𝑖𝑖𝑖 − 𝑟𝑟�

4𝜋𝜋𝑟𝑟2

𝑁𝑁𝐵𝐵

𝑗𝑗∈𝐵𝐵

𝑁𝑁𝐴𝐴

𝑖𝑖∈𝐴𝐴

 
 

(19) 

In this section, the radial distribution function (RDF) was used as a method of calculating the distance between tannin 
molecules and the ꞵ-Cellulose surface (001). Figs. (9-11) show the calculated RDF plot of the simulated model58,60,61. A 
strong, sharp peak is observed at a distance of 1.15 Å, and another moderately strong peak at a distance of 3.9Å. Note that 
if the distance between adsorbate and adsorbent is between 1Å and 3.5Å, Coordination bonds are present or strong 
hydrogenated bonds resulting from the overlap between the mimosa atoms of the tannins and the ꞵ-cellulose surface (001), 
which in turn contains several O-H bonds. Beyond 3.5 Å, interactions are governed by electrostatic and/or Van Der Waals-
type interactions.  

All three molecules of tannins were adsorbed on the cellulose surface in the same way (001). According to the analysis in 
Figs. (9-11), two types of adsorption govern the adsorption mode: Physisorption, which involves weak van der Waals bonds 
between the adsorbed chemical species and the adsorbent, and chemisorption, which involves strong covalent bonds. The 
bond lengthdistribution of the three molecules on the ꞵ-Cellulose surface confirms this result (Figs. 12-14). 

  

Fig. 9. Radial distribution function between Procyanidin 
and ꞵ-Cellulose (001) surface. 

Fig. 10. Radial distribution function between Profisetidin 
and ꞵ-Cellulose (001) surface. 

  

Fig. 11. Radial distribution function between 
Prodelphinidin and ꞵ-Cellulose (001) surface. 

Fig. 12. Bond lengths such as Procyanidin- ꞵ-Cellulose 
(001) surface. 
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Fig. 13. Bond lengths such as Profisetidinꞵ-Cellulose 
(001) surface. 

Fig. 14. Bond lengths such as Prodelphinidin- ꞵ-Cellulose 
(001) surface. 

5. Conclusion 
 
In conclusion, this theoretical and computational study sheds light on the adsorption behavior of tannins on cellulose 

surfaces, which is crucial for sustainable wood adhesives. It employs advanced calculations, Monte Carlo simulations, and 
molecular dynamics to analyze the interactions of tannins with wood. 

 
The results highlight the pivotal role of donor-acceptor interactions, particularly prodelphinidin with strong adsorption 

energy, showing promise for eco-friendly adhesives. Polarity and polarizability also play a significant role in the adsorption 
process, offering insights into effective adhesive formulations. 

 

All tannin compound molecules adhered completely parallel to the cellulose surface via electron transfer interactions 
with high negative adsorption energy, according to Monte Carlo annealing simulated using the adsorption localization 
module and quantum mechanical simulations. The MC simulation revealed that prodelphinidin has a higher negative 
adsorption energy, with the most stable configuration at 293 K corresponding to an adsorption energy value of -64.92 
Kcal/mol.This research supports the reduction of formaldehyde emissions in the wood industry by harnessing asome 
different kinds of tannins coming from different origins. It paves the way for sustainable adhesives, aligning with 
environmentally-friendly industry practices in different fields as reported before in a lot of scientific papers62-67. 
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