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A B S T R A C T

Oil-in-water microemulsions based on surfactants F127 and lignin may enhance the availability of Paclitaxel 
(PTX) in bio-systems that lead to improved drug delivery. Therefore, PTX-loaded microemulsions were designed 
by means of molecular dynamics (MD) simulations, density functional theory (DFT), and semi-empirical 
methods. The MD simulations revealed a more stable release of PTX in microemulsion form compared to the 
bulk one (free drug). Quantum mechanics calculations pointed out that stability of the PTX-F127 microemulsions 
are higher compared to PTX-Lignin ones. Furthermore, hydrogen bond (HB) forces help to ensure the stability of 
the PTX-surfactants in microemulsions. Alteration of atomic charges due to hydrogen bond forces and charge 
transport (CT) influence the stability of the PTX-loaded microemulsions. HB interactions appeared to play an 
important role on the improved action of PTX in microemulsion systems compared to free drug. The delivery of 
PTX in microemulsion systems is attributable to the exchange interactions between surfactants and PTX. The 
semi-empirical calculations showed that the heat of formation values (ΔHf) of the PTX-F127 complexes are larger 
(more negative) than those for the PTX-Lignin ones.

1. Introduction

Paclitaxel (PTX) is a member of the family of taxanes with lipophilic 
nature that acts as chemotherapeutic agent [1]. This drug has been used 
for treating breast, lung, and ovarian cancers [2]. However, PTX has 
poor bioavailability [3] as a result of its low solubility in biological 
environment [4]. Thus, it is necessary to increase solubility of this drug. 
Formerly, drug carriers were proposed for this purpose [5–8].

Oil-in-water microemulsions based on surfactants are excellent sys
tems that help the release of hydrophobic drugs as a result of high bio- 
availability and small toxic effects [9–13]. It should be noted that 
Pluronic (non-ionic) surfactants are better in oil-in-water micro
emulsions than ionic ones owing to higher stability and less toxicity 
[14]. Permeability and oral absorption of PTX are enhanced by inclusion 
of drug into microemulsions [15,16].

Copolymers may occasionally exhibit toxic effects depending on 
their composition and how they interplay with biological systems. Thus, 
such copolymers can harm or kill cells. In contrast, some copolymers 

such as (poly(ethylene oxide)− poly(propylene oxide)− poly(ethylene 
oxide) [17] with small toxic effects act as good steady factors in 
oil-in-water microemulsion systems and have good ability to encapsu
late the hydrophobic drugs. F127 is a functional copolymer and good 
material for encapsulation [18]. The potential of F127 was formerly 
considered in systems containing hydrophobic drugs [19–23]. Addi
tionally, lignin is a safe surfactant that has already been proposed for 
biomedical applications [24,25], with special focus on the better release 
of drugs [26,27]. Microemulsions that include lignin have been previ
ously utilized as suitable transporters with enhanced effectiveness 
[28–30]. Thus, on the basis of the previous literature, we used F127 and 
lignin in the current work as safe surfactants in the delivery process of 
PTX.

Experiments regarding drug release based on microemulsions offer 
promising results. However, analysis of molecular interactions is diffi
cult using such examinations. Instead, MD simulations and computa
tional quantum mechanical methods give useful results about the 
mentioned interactions [22,23]. In fact, computational researches 
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accompany experimental ones. In the current work, interplays between 
PTX and F127/ lignin are studied using MD simulations, quantum me
chanical and semi-empirical calculations to gain a more complete 
knowledge about the characteristics of the interactions between PTX 
and the surfactants. Hydrogen bond analysis, radial distribution func
tion curves, molecular structures, energies, bond lengths, charge trans
port (CT), electron charge density values and related properties, 
donor-acceptor interaction energies, and energy decomposition ana
lyses (EDA) were considered to discover factors that have a role in sta
bility of the complexes. Experimental designs, mainly in clinical trials, 
depend on theoretical principles to confirm valid and reliable results. 
We hope that theoretical results of the present study regarding strength 
and nature of the interactions between PTX and surfactants would be 
useful for future experimental designs and clinical applications.

2. Methods

2.1. Simulation methodology

MD has been used as a simulation technique to design PTX-F127 and 
PTX-lignin microemulsions as well as to compare the results with the 
behavior of free PTX in bulk form. The bulk form includes 15 PTX 
molecules and 15 free radicals of 2,2-diphenyl-1-picrylhydrazyl (DPPH), 
dispersed randomly using PACKMOL in a box containing methanol [31]. 
PTX-F127 and PTX-Lignin microemulsions were also made using 
PACKMOL software. For this purpose, first, 15 molecules of PTX were 
randomly placed in ethyl butyrate. Then, the sides were covered with 
the desired surfactant (F127 or Lignin). Finally, the desired micro
emulsion was placed in a box containing methanol and DPPH. Auto
mated Topology Builder (ATB) was used to generate topology and 
conformation of these structures [32]. The GROMOS 54 A7 force field 
was selected to represent all bonded and nonbonded interactions [33]. 
Long-range electrostatic interactions were calculated using the particle 
mesh Ewald (PME) method [34]. The cut-off distance for the van der 
Waals interactions was taken as 1.2 nm. Before starting MD simulation, 
energy minimization was carried out using the steepest descent method. 
Afterwards, the system went through NVT ensemble MD simulation at 
constant temperature of 298 K for 200 ps and then continued employing 
NPT ensemble for 400 ps at a constant temperature of 298 K and con
stant pressure of 1 bar by using V-rescale thermostat and Parri
nello–Rahman barostat [35,36]. MD simulation was performed NPT for 
50 ns and the used integration time step in the MD simulation was 2 fs. 
Equations of motion were integrated using the Verlet algorithm. Peri
odic boundary conditions were used in all three directions and the tra
jectories, velocities and forces on the constituent atoms of the system 
were stored at 40 ps intervals. MD simulations were performed using 
GROMACS version 2022.3 [37].

2.2. Quantum mechanics

Molecular structures of PTX, F127, lignin, and all drug-surfactant 
systems were optimized at the B3LYP/6–31G(d,p) level by means of 
Gaussian09 program [38]. Interaction energy of a binary complex AB 
was calculated as: 

ΔE = EAB − − (EA +EB) (1) 

In the Eq. (1), A and B refer to drug and surfactant, respectively.
The electron charge density values have been estimated through 

atoms in molecules (AIM) technique by AIM2000 software [39]. The 
interactions between molecular orbitals were carried out using natural 
bond orbital (NBO) scheme [40] by means of NBO program [41]. The 
NBO method estimates charge transports between molecular orbitals. 
The second-order perturbation theory was the way for specification of 
the energetic weights of these molecular orbitals. Stabilizing energy 
(E(2)) in each donor–acceptor interaction was measured by an operator 
(Fock) for donor and acceptor orbitals (φi and φj) as: 

E(2) =
|< φi||φj>|

F 2
εi − εj

(2) 

In this equation, εi and εj are Eigenvalues related to the φi and φj, 
respectively.

Semi-empirical techniques were implemented to include all ther
mochemistry improvements to eventually gain the heat of formations. 
Thus, these calculations were performed using AM1 method [42] to 
better study hydrogen bond interplays.

3. Results and discussion

3.1. MD simulation

First, the equilibrium of the simulated systems was considered. The 
root mean square deviation (RMSD) was analyzed to investigate the 
equilibrium of the systems during the structural changes. Then, the 
number of HB interactions between these molecules was analyzed in 
three systems: bulk, PTX-F127 microemulsion, and PTX-Lignin micro
emulsion to further investigate the interactions between PTX and DPPH 
molecules. Moreover, the mean electrostatic energy (Eel) and Lennard- 
Jones energy (EL-J) values between PTX, F127, lignin, and DPPH in 
the three systems (bulk, PTX-F127, and PTX-Lignin) were calculated. 
Finally, radial distribution functions (RDFs, g(r)) for PTX-F127 and PTX- 
Lignin systems were plotted.

3.1.1. RMSD curves
RMSD curves are plotted for the total system as a function of simu

lation time in Fig. 1, which shows RMSD curves for three simulated 
systems: bulk, PTX-F127 and PTX-Lignin systems. Fig. 1 demonstrates 
that the RMSD curve in the bulk system flattens after 2 ns, at which time 
the system reaches equilibrium. Due to the complexity of micro
emulsions, the deviations of the RMSD curves are higher in PTX-F127 
and PTX-lignin systems, which reach equilibrium after about 10 ns. As 
the bulk system is stabilized faster, it can be argued that PTX interacts 
with DPPH faster and more easily in this system. Meanwhile, there is a 
lower probability of PTX interaction with DPPH in microemulsions due 
to the presence of F127 and lignin surfactants.

3.1.2. Assessment of number of HBs
Fig. 2 depicts the number of HBs formed between PTX and DPPH in 

the simulated systems according to simulation time. Based on Fig. 2, the 
number of HBs formed between PTX and DPPH is very high in the bulk 
system, indicating maximal interaction between PTX and DPPH. In the 
bulk system, the mean number of HBs during simulation has been 
calculated as 0.78; on the contrary, as shown in Fig. 2, the number of 
HBs formed between PTX and DPPH is much lower in PTX-F127 and 
PTX-Lignin microemulsions, suggesting minimal interaction between 
PTX and DPPH in these systems. The mean number of HBs for PTX-F127 
and PTX-Lignin systems is 0.05 and 0.16, respectively. The small num
ber of HBs in microemulsions suggests the absence of PTX around DPPH. 
The mean number of HBs between PTX and surfactants including F127 
and lignin in PTX-F127 and PTX-Lignin microemulsions was calculated 
as 1.51 and 1.59, respectively, which is much higher than DPPH. 
Therefore, it can be argued that the formation of HBs between PTX and 
surfactants has made these microemulsions stable.

3.1.3. Energy analysis
The Eel and EL-J values between PTX, F127, lignin, and DPPH in the 

three systems (bulk, PTX-F127, and PTX-Lignin) were calculated along 
with the simulation and are presented in Table 1. The comparison of l-J 
and electrostatic energies in Table 1 shows that van der Waals forces 
play a considerable role in the PTX-DPPH interaction. The EL-J value 
between PTX and DPPH in the bulk system equals to − 29.66 kcal mol− 1. 
This value is indicative of a strong interaction. On the contrary, this 
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energy dropped to − 2.25 and − 6.54 kcal mol− 1 in PTX-F127 and PTX- 
Lignin microemulsions, respectively. This result suggests the signifi
cant reduction of interactions between PTX and DPPH in micro
emulsions. This observation aligns with the above-mentioned findings, 
which show maximal interaction between PTX and DPPH in bulk system 
and minimal interaction between PTX and DPPH in microemulsions. 
Furthermore, the values of electrostatic and l-J energies between PTX 
and F127 and lignin surfactants were also calculated in systems con
taining microemulsion. Similarly, the results suggest that van der Waals 

interactions play a key role in the interplay between PTX and surfac
tants. Thus, in these microemulsions, PTX interacts with F127 and lignin 
surfactants, decreasing the speed of PTX release from the microemulsion 
and ensuring the stable delivery of the drug to the target tissues.

Moreover, the comparison of the energy values shows that the l-J 
energy between PTX and the F127 surfactant is much higher than that 
between PTX and the lignin surfactant, suggesting a much stronger 
interaction between PTX and F127 surfactant. It was previously 
observed that phenytoin (PHT) has a stronger interaction with F127, and 
its release rate from F127/PHT nanomicelles was lower than Lignin/ 
PHT nanomicelles [43].

3.1.4. Presentation of RDF curves
RDFs can provide more structural insight into the interactions 

existing within PTX-F127 and PTX-Lignin microemulsions. Fig. 3 shows 
the RDFs. The g(r) value for the F127 surfactant shows that the distri
bution of F127 molecules around PTX is much higher. The g(r) value for 
the lignin surfactant is lower, suggesting the small distribution of lignin 
molecules around PTX. Consequently, the greater distribution of F127 
molecules around PTX indicates the stronger interaction between PTX 
and F127. The stronger interaction of PTX with F127 can cause further 

Fig. 1. RMSD curves of total system for three simulated systems: bulk, PTX-F127 and PTX-Lignin microemulsions as a function of the simulation time.

Fig. 2. The number of HBs formed between PTX and DPPH in the simulated systems according to simulation time.

Table 1 
The mean electrostatic and Lennard-Jones energies between the different 
groups, including PTX, DPPH, F127, and Lignin (kcal mol− 1).

System Eel EL-J

PTX-F127 (micro-F127) − 8.41 − 166.35
PTX-Lignin (micro-Lignin) − 3.06 − 15.60
PTX-DPPH (bulk) − 5.74 − 29.66
PTX-DPPH (micro-F127) − 0.42 − 2.25
PTX-DPPH (micro-Lignin) − 1.27 − 6.54

Terminology: Eel = Electrostatic energy; EL-J = Lennard-Jones energy.
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loading of PTX in the PTX-F127 microemulsion. Higher drug loading in 
microemulsions significantly increases the bioavailability of the drug. 
Besides, the stronger interaction of the drug with F127 surfactant leads 
to a slower release of the drug from the microemulsion and ensures a 
more stable delivery of PTX in the target tissues.

3.2. Quantum mechanics calculations

First, energy data and formation of HB interactions between carriers 
and PTX were studied. Then, changes of charges on atoms that 
contribute in HB interactions were considered. Specifically, charge 
transfers, electron charge densities and related properties were exam
ined. Lastly, decomposition of interaction energies was investigated.

3.2.1. Energy data
PTX is a chemotherapy medicine that used for treatment of various 

cancers [44]. The chemical structure of PTX is displayed in Fig. 4.
It appears that formations of hydrogen bond interplays between 

carriers and PTX influence the effectiveness of drug release progression. 
Molecular geometries of PTX-F127 and PTX-Lignin systems have been 
optimized via Gaussian09 program package. As shown in Fig. 5, these 
complexes are made by way of intermolecular hydrogen bond interplays 
between surfactants (as HB donors) and PTX (as HB acceptor). 
Contributing atoms in the mentioned interactions are denoted as Oa, Hb, 
and Oc. Energy data and binding energy (-ΔE) values of the complexes 
are collected in Table 2.

Fig. 3. Radial distribution function (g(r)) of F127 or Lignin surfactants around 
PTX for PTX-F127 and PTX-Lignin microemulsions.

Fig. 4. Typical structure of Paclitaxel.

Fig. 5. The binary systems containing PTX and surfactants.
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Results indicate that the sum of binding energy values of the PTX- 
F127 systems is higher with respect to the PTX-Lignin systems. There
fore, F127 forms stronger HB interactions with PTX than lignin. Energies 
of the highest occupied molecular orbital (HOMO) and lowest unoccu
pied molecular orbital (LUMO) and the gap between EHOMO and ELUMO 
(ΔEL-H) of the mentioned systems are also gathered in Table 2. The 
EHOMO and ELUMO of the free PTX are − 5.230 and − 1.409 eV, 
respectively.

The differences between EHOMO values of the PTX-F127 systems and 
EHOMO of free PTX are lesser than the PTX-Lignin systems. The same 
result is also obtained in the case of ELUMO values. It seems that these 
differences influence the magnitude of BE values of the complexes. 
Indeed, sum of ELUMO values of both complexes is the same. However, 
sum of EHOMO for the PTX-F127 systems is larger (more negative) with 
respect to the PTX-Lignin systems. As a result, the higher stability of the 
PTX-F127 complexes can be attributed to the levels of HOMO of these 
structures.

3.2.2. Charge of atoms
Charges in the free PTX, surfactants, and corresponding binary sys

tems were studied to investigate the relationship between binding en
ergy values of the complexes and atomic charges. Charge transport (CT) 
in the binary systems and charges of the atoms that play a role in the 
hydrogen bond interplays are presented in Table 3.

Results suggest that there is a linear relationship between changes of 
|CT| and binding energies the complexes. Increase of |CT| leads to in
crease of binding energy values of the PTX-F127 complexes (Fig. 6a), but 
the reverse is true in the case of PTX-Lignin ones (Fig. 6b). Thus, CT that 
occurred between PTX and surfactants is an important factor that dic
tates BE values of the resulting complexes.

PTX interplays with both F127 and lignin through three positions 
that are denoted with Oa in all complexes. Charges of these positions 
before interactions with surfactants are − 0.501, − 0.492, and − 0.553 e, 
respectively. Also, charge of atom Hb in the free F127 and lignin is 0.336 
and 0.338 e, respectively. Moreover, charge of Oc in the free F127 and 
lignin is − 0.565 and − 0.578 e, respectively. Results specify that for
mation of complexes is followed by decrease of charge of atoms Oa and 
Oc. However, charge of Hb increases in the binary systems in comparison 
to free surfactants. Absolute changes of qOa, qHb, and qOc owing to HB 

interactions, namely |ΔqOa|, |ΔqHb|, and |ΔqOc| are also presented in 
Table 3. It seems that these descriptors have an effect on the BE values. 
In fact, increase of |ΔqHb| and |ΔqOc| is accompanied by increase of 
binding energy values of the PTX-F127 and PTX-Lignin systems. How
ever, increase of |ΔqOa| is pursued by increase of binding energy values 
of the PTX-F127 systems and the inverse is true for the PTX-Lignin 
systems. Actually, alteration of the binding values of the complexes 
with |ΔqOa| is the same as with |CT|. Consequently, changes of atomic 
charges of HB donors on account of HB interactions have an imperative 
role on the strength of these binary systems.

3.2.3. NBO and AIM analyses
The NBO surveys were performed to obtain E(2) values associated to 

charge transports between orbitals of PTX and surfactants. Results show 
that charge transports occur from Lp(Oa) to σ*(Hb− Oc) in both binary 
systems. The E(2) value for the mentioned interaction in the PTX1-F127, 
PTX2-F127 and PTX3-F127 is 3.66, 3.95, and 7.25 kcal mol− 1, respec
tively. Also, the corresponding E(2) value in the PTX1-Lignin, PTX2- 
Lignin and PTX3- Lignin is 5.75, 3.97, and 5.05 kcal mol− 1, respectively. 
Sum of stabilizing energy (

∑
E(2)) values for above electron charge 

transports in the PTX-F127 complexes is slightly larger than that for the 
PTX-Lignin ones. Also, complexes with larger E(2) values have relatively 
superior BE values. Thus, donor-acceptor interplays can influence on 
strength of interactions in the mentioned binary systems.

AIM calculations were performed to discern the relation between 
electron charge density values (and related properties) and binding 
energies. Electron charge density at HB critical point (ρHBCP) that made 
between PTX and surfactants and related properties are collected in 
Table 4. Results show that complexes with larger binding energy values 
have relatively larger ρHBCP values. In addition, Laplacian of electron 
charge density (▽2ρ), kinetic electronic energy density (G), potential 
electronic energy density (V), and second Eigenvalue of Hessian matrix 
(λ2) were calculated and given in Table 4, too.

The ▽2ρ values related to the PTX-Lignin systems are smaller with 
respect to the PTX-F127 ones. The (ρ(r)λ2) for binary systems in the 
current work is less than zero. This outcome shows that the character of 
the HB interplays in these systems is attractive. Also, sum of V and G in 
both complexes is negative. In fact, there are accumulations of electron 
charges in paths of HB interactions. Seemingly, orientation of PTX near 
each surfactant is important in distribution of electron charges and in
fluences the strength of HB interaction.

3.2.4. Energy decomposition study
The localized molecular orbital energy decomposition analyses 

(LMO-EDA) [45] have been performed on the hydrogen bonded mo
lecular systems to classify the various components of interaction en
ergies of the binary systems. Interaction energy comprises electrostatic, 
exchange, repulsion, and polarization energies that are represented as 
Ees, Eex, Erepul and Epolar, respectively. These components are collected in 
Table 5. As can be observed, Eex is the most significant component of 
interaction energy in all cases. Thus, Eex has a good contribution in the 
stability of the complexes.

The correlation between the dHB and Eex values is represented in 

Table 2 
Electronic data (in eV) and binding energy values (in kcal mol− 1) of the 
complexes.

EHOMO ELUMO ΔEL-H -ΔE

PTX1-F127 − 5.242 − 1.437 3.805 7.56
PTX2-F127 − 5.258 − 1.415 3.843 10.67
PTX3-F127 − 5.267 − 1.443 3.824 12.82
PTX1-Lignin − 5.199 − 1.436 3.763 12.84
PTX2-Lignin − 5.265 − 1.421 3.844 5.28
PTX3-Lignin − 5.243 − 1.443 3.800 4.13

Terminology: EHOMO = Energy of highest occupied molecular orbital; ELUMO =

Energy of lowest unoccupied molecular orbital; ΔEL-H = Energy gap; -ΔE =
Binding energy.

Table 3 
Magnitudes of charge transports, charge of most important atoms and absolute changes of atomic charges during HB interactions.

|CT| qOa qHb qOc |ΔqOa| |ΔqHb| |ΔqOc|

PTX1-F127 0.0427 − 0.5122 0.3374 − 0.578 0.1154 0.0139 0.1321
PTX2-F127 0.0507 − 0.5033 0.3461 − 0.586 0.1153 0.1014 0.2060
PTX3-F127 0.0738 − 0.568 0.3433 − 0.586 0.1546 0.1014 0.2072
PTX1-Lignin 0.0043 − 0.5094 0.3679 − 0.616 0.0874 0.3029 0.3766
PTX2-Lignin 0.0513 − 0.5032 0.3521 − 0.607 0.1142 0.1448 0.2817
PTX3-Lignin 0.0620 − 0.5654 0.3484 − 0.61 0.1285 0.1082 0.3162

Terminology: |CT| = Charge transport; qOa = Charge of hydrogen bond acceptor atom; qHb = Charge of hydrogen atom; qOc = Charge of hydrogen bond donor atom; |Δ 
qOa| = Change of charge on hydrogen bond acceptor atom due to HB interaction; |ΔqHb| = Change of charge on hydrogen atom due to HB interaction; |ΔqOc| = Change 
of charge on hydrogen bond donor atom due to HB interaction.
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equation 3. A linear relationship was found with R2 = 0.72. In fact, the 
complexes with more negative exchange energies encompass smaller 
dHB values. dHB = 0.005 Eex + 1.91 (3)

Therefore, exchange interaction has an essential part on the strength 
of the intermolecular hydrogen bond interplay within each of PTX-F127 
and PTX-Lignin binary systems.

3.3. Semi-empirical computations

Some methods include parameters that cover all thermochemistry 
correction factors. If truth be told, these techniques utilize empirical 
corrections to raise the performance of calculations. Thus, AM1 method 
was used to calculate heat of formation (ΔHf) values of the binary sys
tems. The ΔHf values for PTX1-F127, PTX2-F127, PTX3-F127, PTX1- 
Lignin, PTX2-Lignin, and PTX3-Lignin are − 621.802, − 621.128, 

− 622.228, − 625.888, − 620.471, and − 612.610 kcal mol− 1, respec
tively. Results indicate that sum of ΔHf values of the PTX-F127 systems 
are more negative than the PTX-Lignin. As said, sum of binding energy 
values of the PTX-F127 systems are larger than the PTX-Lignin. It seems 
that there is a relation between stability of the binary systems and ΔHf 
values. Outcomes demonstrate that systems with larger binding energy 
values have fairly more negative ΔHf values.

Finally, the most important quantitative findings of the present study 
are reported in Table 6.

4. Conclusions

In this work, microemulsions based on F127 and lignin surfactants 
were investigated using MD simulations and DFT study. The MD simu
lations revealed the more stable release of PTX in microemulsion form 
than in bulk. Also, strong interactions between PTX and the F127 were 
observed in the PTX-F127 microemulsion. Results of quantum me
chanical studies indicate that the BE values of the PTX-F127 systems are 
larger than PTX-Lignin structures. There are linear correlations between 
magnitudes of charge transports and BE values. Levels of the highest 
occupied molecular orbitals of the PTX-F127 systems are lower than the 
PTX-lignin structures. Alterations of charges of oxygen atoms as HB 

Fig. 6. Correlation between magnitude of charge transport and BE values of (a) PTX-F127 and (b) PTX-Lignin complexes.

Table 4 
Electron charge density values and associated properties at HB critical points in 
the binary systems (au).

ρHBCP ▽2ρ G V λ2 G/|V|

PTX1-F127 0.0281 − 0.0258 0.0285 − 0.0312 − 0.0431 0.914
PTX2-F127 0.0400 − 0.0268 0.0366 − 0.0464 − 0.0660 0.789
PTX3-F127 0.0340 − 0.0266 0.0329 − 0.0392 − 0.0546 0.840
PTX1-Lignin 0.0467 − 0.0274 0.0412 − 0.0551 − 0.0790 0.749
PTX2-Lignin 0.0405 − 0.0269 0.0370 − 0.0471 − 0.0670 0.786
PTX3-Lignin 0.0388 − 0.0269 0.0362 − 0.0455 − 0.0641 0.796

Terminology: ρHBCP = Electron charge density at hydrogen bond critical point; 
▽2ρ = Laplacian of electron charge density; G = Kinetic electronic energy 
density; V = Potential electronic energy density; λ2 = Second eigenvalue of 
Hessian matrix; G/|V| = Ratio of kinetic to potential electronic energy density.

Table 5 
Different parts of interaction energies for the binary systems (in kcal mol− 1).

Ees Eex Erepul Epolar

PTX1-F127 − 7.71 − 7.98 14.77 − 1.79
PTX2-F127 − 13.90 − 15.29 28.55 − 3.13
PTX3-F127 − 12.48 − 12.78 23.70 − 3.11
PTX1-Lignin − 31.18 − 40.31 75.52 − 9.60
PTX2-Lignin − 14.37 − 15.52 28.90 − 3.32
PTX3-Lignin − 12.48 − 12.78 23.70 − 3.11

Terminology: Ees = Electrostatic energy; Eex = Exchange energy; Erepul =

Repulsion energy;.
Epolar = Polarization energy.

Table 6 
Comparative summary table about the interactions in PTX-F127 and PTX-Lignin.

Parameters PTX-F127 PTX-Lignin

Mean number of HBs 1nHBs = 1.51 nHBs = 1.59
Electrostatic energy 2Eel = − 8.41 kcal mol− 1 Eel = − 3.06 kcal mol− 1

Lennard-Jones energy 3EL-J = − 166.35 kcal 
mol− 1

EL-J = − 15.60 kcal 
mol− 1

Sum of interaction energies 4∑ΔE = − 31.05 kcal 
mol− 1

∑
ΔE = − 22.25 kcal 

mol− 1

Sum of change of charge on 
the Oa atom

5∑ΔqOa = − 0.039 e
∑

ΔqOa = − 0.033 e

Sum of change of charge on 
the Hb atom

6∑ΔqHb = 0.022 e
∑

ΔqHb = 0.056 e

Sum of change of charge on 
the Oc atom

7∑ΔqOc = − 0.055 e
∑

ΔqOc = − 0.097 e

Sum of absolute value of 
charge transfer

8∑|CT| = 0.167 e
∑

|CT| = 0.118 e

Sum of stabilizing energy 9∑E(2) = 14.86 kcal 
mol− 1

∑
E(2) = 14.77 kcal 

mol− 1

Sum of repulsion energy 10∑Erep = 67.02 kcal 
mol− 1

∑
Erep = 128.12 kcal 

mol− 1

Sum of heat of formation 11∑ΔHf = − 1865.16 
kcal mol− 1

∑
ΔHf = − 1858.97 

kcal mol− 1
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donors through HB interactions influence on properties of systems. Sum 
of stabilizing energy values for the Lp(Oa) to σ*(Hb− Oc) in the PTX-F127 
systems is rather larger than that for the PTX-Lignin structures. Also, 
complexes with larger E(2) values have fairly larger BE values. The na
ture of hydrogen bond interplays in the current complexes is attractive. 
The energy decomposition analyses prove that the exchange energies are 
main components of the interaction energies. Additionally, the total 
repulsion energy values in the PTX-F127 complexes are lesser than those 
in the PTX-Lignin structures. The semi-empirical computations demon
strate that the ΔHf values of the PTX-F127 systems are more negative 
than the PTX-Lignin structures. Also, systems with larger binding energy 
values have relatively more negative heats of formation
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