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ABSTRACT: This current study dealt with the quantum chemical analysis of fentanyl compound, 
which is a potent synthetic analgesic. First of all, the geometry optimizations were carried out via 
Density Functional Theory (DFT) and Hartree-Fock (HF) methods in both the gas and the water phase. 
The B3LYP functional and the HF method were used with the 6-31G (d,p) and 6-31++G (d,p) basis sets. 
Computed structural parameters were compared with the data available in the literature and consistent 
results were obtained for all four different methodologies. Charge distributions of each atom of fentanyl 
were obtained by Mulliken and natural population analysis. Accompanied by calculated molecular 
descriptors, the results of frontier molecular orbital (FMO) analysis and natural bond orbital (NBO) 
analysis were reported. Finally, molecular electrostatic potential (MEP) analysis has been performed to 
estimate reactive sites for electrophilic and nucleophilic attacks. Total density, ESP, MEP, and contour 
maps were visualized at B3LYP/6-31++G (d,p) level of theory. Gaussian 16 and GaussView 6 software 
packages were used to carry out all these studies. 
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1. INTRODUCTION 

Fentanyl (trade name Sublimaze, N-phenyl-N-[1-(2-phenylmethyl) piperidin-4-yl] 
propanamide), a synthetic phenylpiperidine belonging to the 4-anilinopiperidine series, was 
first synthesized in the late 1950s by Janssen Pharmaceutica® in Belgium [1]. It is used as a 
pain reliever during anesthesia and in the treatment of postoperative pain. By the World Health 
Organization (WHO) ranking, it is an analgesic in the 3rd degree among narcotic substances. 
Although its chemical structure is similar to pethidine, it is known to be about 80 times more 
effective and potent than meperidine, and about 80 times more effective than morphine, which 
is not a pethidine derivative. It is also a potent, synthetic, narcotic, analgesic opioid with fewer 
side effects [2, 3]. It began to be used in medical studies in the 1960s as an intravenous 
anesthetic under the trade name Sublimaze. Fentanyl's active ingredient, which is in the form 
of Fentanyl Citrate in the preparations, produces its analgesic effect by mimicking the effect of 
endogenous opioid neurotransmitters on specific receptors [3, 4].   

Fentanyl, a basic amine with a pKa of 8.43, is an effective opioid because of its high 
lipophilicity and rapid and effective distribution. It can be administered to people in different 
ways such as intramuscular, intravenous, transdermal, transmucosal and respiration [5-7]. 
Although 1 ng/mL plasma concentration may cause respiratory depression according to 
individual characteristics, 1.5–2 ng/mL concentration provides good postoperative analgesia. 
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Its effect starts in 30-60 seconds and lasts 30-60 minutes. The maximum level of analgesic 
effect is achieved within 3–6 minutes. In repetitive and long-term applications, the duration of 
action is prolonged as the inactive tissues are saturated [8]. In addition, Fentanyl metabolites 
do not have significant pharmacological activity, so it is a therapeutically important drug 
substance. For this reason, various methods for the synthesis of fentanyl have emerged in the 
literature, and its molecular characterization has been explored using different experimental and 
theoretical methods [9-15]. In these studies, FT-IR, 1H NMR, 13C NMR, normal Raman (NR), 
surface-enhanced Raman spectroscopy (SERS) analyses of fentanyl were examined in detail. 

Some physicochemical properties of a drug, such as pKa, lipophilicity, solubility, hydrogen 
bonding, and permeability, have a significant effect on its pharmacological activity, and 
therefore, a good understanding of these properties, their measurements and the agreement of 
their estimations are very important for a successful drug design [16]. In this context, it is highly 
advantageous to make use of quantum chemical descriptors. The 3D molecular descriptors 
characterize primarily properties that are bounded with the 3D conformation of the molecule. 
The main ones are descriptors such as chemical potential, chemical hardness, softness, 
molecular volume, electronegativity, and polar surface area. From this point of view, this study 
is aimed to examine the charge distribution analysis, frontier molecular orbital analysis, natural 
bond orbital analysis and molecular electrostatic surface properties of fentanyl using quantum 
chemical calculations. 

 

2. COMPUTATIONAL METHODS 

All geometry optimizations and frequency calculations of fentanyl were performed utilizing 
Gaussian 16 [17] and GaussView 6 software packages [18]. Computations were repeated in the 
water (ε=78.36) phase to investigate the solvent effect. No imaginary frequency was observed 
in any of the calculations made with Becke, three-parameter, Lee-Yang-Parr (B3LYP) and HF 
methods with two different basis sets that are 6-31G (d,p) and 6-31++G (d,p) [19-22]. In this 
way, the stability of the structure is verified. The SMD universal method (Solvent Model based 
on Density), a parametrized self-consistent reaction field (SCRF) based solvation model 
developed by Truhlar and coworkers, has been used to obtain thermochemical parameters [23]. 

 
3. RESULTS AND DISCUSSION 

3.1. Geometry optimization 

The optimized molecular structure of fentanyl with the numbering and labeling scheme is 
represented in Figure 1. The optimized bond lengths and bond angles values that are calculated 
using B3LYP and HF methods with two different basis sets are given in Table 1 and Table 2. 
The theoretical values in the tables are accompanied by the experimental values. The 
experimental bond lengths and bond angles are obtained from reference [15]. Linear correlation 
coefficients (R2) were calculated for each methodology to examine the strength of the 
relationship between theoretical structural parameters and experimental values. While it was 
seen that the R2 value was around 0.92 for bond lengths, this value increased to 0.96 for bond 
angles. This situation shows that the theoretical and the experimental values are in good 
agreement. 
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Figure 1. The optimized molecular structure of fentanyl 

 
 
 
 

Table 1. Selected experimental and calculated bond length values of fentanyl 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 B3LYP HF 
Bond Length 

(Å) 
Exp. 6-31G (d, p) 6-31++G (d, p) 6-31G (d, 

p) 
6-31++G (d, 

p) 

C24-C25 1.38 1.39 1.39 1.39 1.39 
C25-C23 1.41 1.40 1.40 1.39 1.39 
C24-C19 1.40 1.40 1.40 1.39 1.39 
C19-C13 1.40 1.40 1.40 1.39 1.39 
C13-C18 1.40 1.40 1.40 1.39 1.39 
C13-C10 1.53 1.51 1.51 1.51 1.51 
C18-C23 1.33 1.39 1.39 1.39 1.38 
C9-N2 1.52 1.46 1.46 1.45 1.45 
N2-C7 1.50 1.47 1.47 1.46 1.46 
C8-C6 1.51 1.53 1.53 1.52 1.52 
C6-C4 1.55 1.54 1.54 1.53 1.53 
C4-C5 1.51 1.53 1.53 1.53 1.53 
C4-N3 1.48 1.48 1.49 1.48 1.48 
C5-C7 1.55 1.53 1.53 1.53 1.53 

N3-C11 1.43 1.43 1.44 1.43 1.43 
N3-C12 1.39 1.39 1.39 1.37 1.37 
C11-C16 1.38 1.40 1.40 1.39 1.39 
C15-C20 1.37 1.39 1.39 1.39 1.38 
C20-C22 1.38 1.40 1.39 1.39 1.39 
C21-C16 1.41 1.40 1.40 1.39 1.39 
C12-O1 1.23 1.23 1.23 1.20 1.21 

 R2 0.92 0.92 0.90 0.92 
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Table 2. Selected experimental and calculated bond angle values of fentanyl 

 B3LYP HF 
Bond Angle 

(°) 
Exp. 6-31G (d, p) 6-31++G (d, 

p) 
6-31G (d, p) 6-31++G (d, 

p) 

C23-C25-C24 118.9 119.5 119.5 119.4 119.4 
C25-C23-C18 119.8 120.1 120.1 120.2 120.2 
C23-C18-C13 120.3 120.9 121.0 121.0 121.0 
C18-C13-C19 118.1 118.3 118.2 118.2 118.2 
C18-C13-C10 119.0 120.9 121.0 120.9 120.9 
C19-C13-C10 122.4 120.8 120.8 120.8 120.8 
C13-C19-C24 121.7 121.0 121.0 121.0 121.0 
C25-C24-C19 121.0 120.1 120.1 120.2 120.2 
C13-C10-C9 110.6 111.9 112.0 111.9 112.0 
C10-C9-N2 112.7 113.2 113.5 113.0 113.1 
C9-N2-C8 110.6 112.8 112.8 113.0 113.0 
C9-N2-C7 109.4 111.7 111.5 112.3 112.1 
C8-N2-C7 110.2 110.3 110.5 110.9 110.9 
N2-C8-C6 110.8 111.2 111.3 111.3 111.4 
C8-C6-C4 110.9 110.5 110.5 109.9 110.0 
C6-C4-C5 110.3 109.7 109.7 109.4 109.5 
C5-C4-N3 112.8 113.1 113.1 112.9 112.9 
C4-C5-C7 109.6 110.4 110.3 110.6 110.6 
N2-C7-C5 109.4 111.1 111.4 111.0 111.2 

C4-N3-C11 119.8 119.6 119.5 120.1 120.1 
N3-C11-C15 119.8 120.4 120.4 120.1 120.2 
C15-C11-C16 120.4 119.2 119.3 119.2 119.1 
C11-C16-C21 118.9 120.3 120.3 120.4 120.4 
C21-C22-C20 118.5 119.8 119.7 119.7 119.6 
C22-C20-C15 119.9 120.2 120.1 120.1 120.1 
C20-C15-C11 119.9 120.4 120.3 120.5 120.5 
N3-C12-C14 117.8 116.9 117.0 117.6 117.7 

 R2 0.96 0.96 0.95 0.95 

 
 
For each calculation level, the calculated thermodynamic parameters for not only the gas phase 
but also the water phase were tabulated. According to Table 3, the lowest total energy,  enthalpy 
and Gibbs free energy values were obtained by using B3LYP/6-31++G(d,p) level of theory. 

 
Table 3. Thermodynamic parameters of fentanyl calculated for each methodology (in Hartree) 

  Gas Phase   Water Phase  

 ΔETotal ΔH ΔG ΔETotal ΔH ΔG 

B3LYP/6-31G(d,p) -1039.989153 -1039.503861 -1039.586078 -1040.004146 -1039.518981 -1039.599860 

B3LYP/6-31++G(d,p) -1040.023219 -1039.538979 -1039.621841 -1040.042067 -1039.558099 -1039.639363 

HF/6-31G(d,p) -1033.231049 -1032.715185 -1032.793744 -1033.251792 -1032.736328 -1032.813857 

HF/6-31++G(d,p) -1033.253170 -1032.738158 -1032.816920 -1033.276390 -1032.761853 -1032.839734 
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3.2. Charge distribution analysis 

Mulliken population analysis is one of the most widely used population analysis methods 
because it helps to determine atomic charges that affect the properties such as molecular 
polarizability, dipole moment, electronic structure of a particular molecule [24]. The results of 
the Mulliken population analysis through all the methodologies used in this study provide the 
total atomic charges of fentanyl. In addition, the results of natural population analysis [25] 
provide the natural charges of fentanyl. Mulliken and natural atomic charges calculated for both 
vacuum and water environments are listed in Table 4 and Table 5. 

 
 

Table 4. Calculated Mulliken atomic charges of fentanyl 

 B3LYP/6-31G (d, p) B3LYP/6-31++G (d, p) HF/6-31G (d, p) HF/6-31++G (d, p) 
Atom Gas Water Gas Water Gas Water Gas Water 

O1 -0.506137 -0.603495 -0.443960 -0.609848 -0.618134 -0.715916 -0.531865 -0.673607 
N2 -0.436828 -0.459074 0.084116 -0.070023 -0.621626 -0.654513 -0.093399 -0.203193 
N3 -0.535823 -0.536514 0.307839 0.502940 -0.789867 -0.781804 0.095556 0.151605 
C4 0.069289 0.056932 -0.854872 -1.081967 0.099399 0.094953 -1.299758 -1.257451 
C5 -0.187207 -0.186661 0.456119 0.484692 -0.219089 -0.217433 0.547768 0.519386 
C6 -0.192398 -0.185543 0.305018 0.335853 -0.219075 -0.223426 0.389264 0.401574 
C7 -0.031935 -0.036774 -0.502892 -0.622205 -0.013197 -0.019371 -0.232789 -0.170966 
C8 -0.034510 -0.040100 -0.504425 -0.544000 -0.020464 -0.022746 -0.215059 -0.390232 
C9 -0.004157 -0.011786 -0.776137 -0.958977 0.010071 0.008519 -0.406118 -0.681489 

C10 -0.258487 -0.252722 -0.044888 0.022829 -0.237849 -0.226924 -0.056317 -0.021824 
C11 0.185324 0.194622 -2.213747 -1.181195 0.200088 0.203863 -0.220998 -0.224546 
C12 0.568671 0.594619 0.567311 0.851059 0.776280 0.805148 0.167876 0.398789 
C13 0.109406 0.093517 0.333703 0.316035 -0.006812 -0.038387 0.866377 0.818180 
C14 -0.265349 -0.272587 0.144041 0.042029 -0.319567 -0.324986 0.195443 0.067645 
C15 -0.062260 -0.085761 0.265895 0.609133 -0.122140 -0.139708 0.114379 0.033195 
C16 -0.064567 -0.085844 0.195609 0.542186 -0.124311 -0.141686 0.119856 0.103711 
C17 -0.301701 -0.331080 -0.850957 -0.851367 -0.313305 -0.347106 -0.498632 -0.546349 
C18 -0.109362 -0.144380 -0.244974 0.217621 -0.154645 -0.182544 -0.439361 -0.074407 
C19 -0.122258 -0.144561 -0.528625 -0.497480 -0.165476 -0.183237 -0.697265 -0.594542 
C20 -0.104666 -0.127008 -0.122862 -0.198435 -0.158702 -0.184583 -0.312041 -0.352425 
C21 -0.105666 -0.126720 -0.133497 -0.158679 -0.159238 -0.186084 -0.322033 -0.407560 
C22 -0.070444 -0.099686 -0.300435 -0.162166 -0.146307 -0.170991 -0.177491 -0.203227 
C23 -0.092415 -0.115047 0.021849 -0.376652 -0.143746 -0.174552 -0.075556 -0.390819 
C24 -0.088097 -0.114922 -0.094972 -0.228074 -0.142704 -0.174521 -0.165271 -0.284384 
C25 -0.084660 -0.117932 -0.313338 -0.205820 -0.160198 -0.189763 -0.329749 -0.246711 
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Table 5. Calculated natural atomic charges of fentanyl 

 B3LYP/6-31G (d, p) B3LYP/6-31++G (d, p) HF/6-31G (d, p) HF/6-31++G (d, p) 
Atom Gas Water Gas Water Gas Water Gas Water 

O1 -0.61872 -0.70723 -0.63097 -0.73266 -0.72792 -0.81380 -0.73221 -0.82651 
N2 -0.51056 -0.52923 -0.55546 -0.57459 -0.57237 -0.59311 -0.61833 -0.63996 
N3 -0.50392 -0.48258 -0.51775 -0.49269 -0.60496 -0.58109 -0.62534 -0.60026 
C4 -0.06338 -0.06078 -0.07181 -0.07117 -0.02063 -0.01727 -0.02051 -0.01681 
C5 -0.48151 -0.48573 -0.46221 -0.46609 -0.45444 -0.45386 -0.42629 -0.42768 
C6 -0.47918 -0.48510 -0.45971 -0.46583 -0.45207 -0.45418 -0.42360 -0.42611 
C7 -0.26174 -0.26454 -0.23978 -0.24374 -0.21182 -0.21157 -0.17987 -0.18138 
C8 -0.26730 -0.26724 -0.24566 -0.24715 -0.21857 -0.21202 -0.18675 -0.18261 
C9 -0.25608 -0.25321 -0.23653 -0.23586 -0.20475 -0.19835 -0.17537 -0.17199 
C10 -0.47957 -0.48593 -0.46560 -0.47343 -0.44958 -0.45003 -0.42768 -0.43064 
C11 0.13220 0.12554 0.13948 0.13423 0.14698 0.13858 0.15716 0.15023 
C12 0.71063 0.73203 0.70605 0.73057 0.87570 0.90150 0.87183 0.90109 
C13 -0.03017 -0.03667 -0.03516 -0.03955 -0.02589 -0.03505 -0.02755 -0.03508 
C14 -0.55605 -0.55901 -0.53886 -0.54125 -0.53644 -0.53637 -0.51056 -0.51131 
C15 -0.24420 -0.24380 -0.23902 -0.23749 -0.23668 -0.23045 -0.22932 -0.22268 
C16 -0.24604 -0.24364 -0.24041 -0.23679 -0.23762 -0.23364 -0.22995 -0.22628 
C17 -0.67916 -0.69278 -0.65411 -0.66695 -0.63919 -0.64865 -0.59876 -0.60810 
C18 -0.24289 -0.24888 -0.24046 -0.24671 -0.24599 -0.24863 -0.24269 -0.24541 
C19 -0.23667 -0.24818 -0.23510 -0.24624 -0.23964 -0.24827 -0.23746 -0.24511 
C20 -0.22114 -0.24512 -0.22191 -0.24651 -0.21519 -0.24222 -0.21377 -0.24163 
C21 -0.22016 -0.24504 -0.22095 -0.24648 -0.21434 -0.24213 -0.21294 -0.24130 
C22 -0.24081 -0.24372 -0.23811 -0.24257 -0.23904 -0.23697 -0.23475 -0.23431 
C23 -0.22470 -0.24821 -0.22322 -0.24845 -0.21075 -0.23639 -0.20641 -0.23392 
C24 -0.22551 -0.24822 -0.22367 -0.24844 -0.21169 -0.23637 -0.20712 -0.23390 
C25 -0.25019 -0.26061 -0.24999 -0.26169 -0.25405 -0.25979 -0.25333 -0.25997 

 
 

Mulliken and Natural charge diagrams of fentanyl calculated at B3LYP/6-31G (d,p) level of 
theory are represented in Figure 2. When Table 4, 5, and Figure 2 are examined, it is observed 
that there is a general tendency in the same direction in both charge distributions for all 4 
methodologies. While all hydrogen atoms are positively charged and oxygen atoms are 
negatively charged, differences are seen for carbon and nitrogen atoms. While the natural 
charges of N2 and N3 atoms are negative, positive values are also seen in Mulliken charges for 
B3LYP/6-31++G(d, p) and HF/6-31++G(d, p) methods. 
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Figure 2. (a) Mulliken (b) Natural charge diagrams of fentanyl at B3LYP/6-31G (d,p) level of theory 

 

3.3. Frontier molecular orbital (FMO) analysis 

Frontier molecular orbitals, the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO), which have a crucial role in the electronic properties of 
a molecule, are the most critical orbitals in a molecule. While HOMO energy is related to 
electron-donating potential, LUMO energy is related to electron-accepting affinity [26]. The 
difference between the HOMO-LUMO energy values, also called the energy gap, is a 
significant parameter in determining the electrical properties of the molecule, as well as giving 
important information about its stability. The ΔE value expresses the energy required to 
transition from a stable ground state to an excited state. The higher the energy value, the higher 
the stability. Using the HOMO and LUMO energy values, some quantum chemical descriptors 
can also be calculated [27-29], which provide important information about the 
reactivity/bioactivity of a particular molecule [30-33]. The values obtained as a result of FMO 
analysis for fentanyl are summarized in Table 6. In Table 6, the highest ΔE values are obtained 
by using HF/6-31G (d, p) method and the values are equal to 12.2291 eV and 12.4770 for gas 
and water phases respectively. These high energy values point out the good stability of fentanyl. 
Also, chemical hardness, softness and energy gap values are notions related to each other. The 
highest chemical hardness value and the lowest softness value belong to again HF/6-31G (d, p) 
method.  

 

 

(a) 

(b) 
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Table 6. Calculated molecular descriptors for both gas and water phases in eV (S: eV-1) 

 B3LYP/6-31G(d,p) 
B3LYP/6-

31++G(d,p)
HF/6-31G(d,p) HF/6-31++G(d,p) 

 Gas Water Gas Water Gas Water Gas Water 

EHOMO -5.7797 -5.8320 -6.0535 -6.0673 -8.6921 -8.7602 -8.8502 -8.8728 

ELUMO -0.4585 -0.2626 -0.9189 -0.6493 3.5369 3.7168 0.9336 1.2014 

∆E 5.3212 5.5694 5.1345 5.4181 12.2291 12.4770 9.7839 10.0742 

Chemical Hardness (ᶯ) 2.6606 2.7847 2.5673 2.7090 6.1145 6.2385 4.8919 5.0371 

Global Softness (S) 0.1879 0.1796 0.1948 0.1846 0.0818 0.0802 0.1022 0.0993 

Chemical Potential (µ) -3.1191 -3.0473 -3.4862 -3.3583 -2.5776 -2.5217 -3.9583 -3.8357 

Electronegativity (χ) 3.1191 3.0473 3.4862 3.3583 2.5776 2.5217 3.9583 3.8357 

Electrophilicity index (ω) 1.8283 1.6673 2.3670 2.0816 0.5433 0.5097 1.6014 1.4604 

 
 
Molecular orbital energy level diagrams and HOMO-LUMO plots of fentanyl are displayed in 
Figure 3. It is clear that for both theory levels, HOMO orbitals are localized on the piperidine 
ring, while LUMO orbitals are localized on the aniline ring. The energy gap (ΔE) values 
calculated using the values obtained from the molecular orbital energy levels were found to be 
5.32 eV and 5.13 eV for B3LYP/6-31G (d, p) and B3LYP/6-31++G (d, p) levels, respectively. 

B3LYP/6-31G(d,p) B3LYP/6-31++G(d,p) 
 

 
                       LUMO 

 
 

 
                                          LUMO 

  

 
                       
                       HOMO 

 

 
                                                HOMO 

 
 

Figure 3. Molecular orbital energy diagrams and HOMO-LUMO plots of fentanyl 

∆E= 5.32 eV 
∆E= 5.13 eV 
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3.4. Natural Bond Orbital (NBO) analysis  

The role of exchange transfer or intermolecular orbital interactions in a molecule can be figured 
out by NBO analysis. It is performed by regarding possible interactions between the whole 
donor (filled) and acceptor (empty) natural bond orbitals and anticipating their energetic 
importance with second-order perturbation theory [34, 35]. In this study, the calculated natural 
population analysis (NPA) and natural electronic configuration (NEC) of fentanyl at B3LYP/6-
31++G (d, p) level are presented in Table 7. Moreover, the stabilization energy values 
calculated according to the formula (1) given below for the interactions between the donor and 
acceptor orbitals are shown in Table 8. 

                                                       𝐸ሺଶሻ ൌ ∆𝐸 ൌ 𝑞𝑖
  ሺிሻమ

ሺఌିఌሻ
                                                                  (1) 

The qi, ԑj and ԑi, Fij has shown in the formula represent donor bonding orbital occupancy, 
acceptor bond orbital energies and NBO Fock matrix element, respectively. NBO analysis of 
fentanyl shows that there are 11 interactions involving LP (1) N2, 10 interactions involving LP 
(1) N3, 3 interactions for LP (1) O1 and 6 interactions for LP (2) O1. The interactions that are 
important among these results are summarized in Table 8. According to Table 7, it is seen that 
the intramolecular charge transfer from LP (1) N3 donor to π*(O1-C12) acceptor orbital is 
calculated as 64.99 kcal mol-1. Again, the most important ones among the π-π* interactions are 
shown in the table. 

 
Table 7. Summary of NPA and NEC of fentanyl at B3LYP/6-31++G(d,p) level 

 Natural Population  

Atom Core Valence Rydberg Total Natural Electron Configuration 

O1 1.99979 6.60980 0.02138 8.63097 [core]2s1.702p4.913d0.02 
N2 1.99945 5.52665 0.02936 7.55546 [core]2s1.292p4.243s0.014p0.01 
N3 1.99929 5.49479 0.02367 7.51775 [core]2s1.212p4.294p0.02 
C4 1.99918 4.04833     0.02430 6.07181 [core]2s0.942p3.113d0.014p0.01 
C5 1.99931 4.45013 0.01277 6.46221 [core]2s1.032p3.424p0.01 
C6 1.99932 4.44755 0.01285 6.45971 [core]2s1.032p3.424p0.01 
C7 1.99936 4.22455 0.01587 6.23978 [core]2s1.012p3.214p0.01 
C8 1.99935 4.23013 0.01618 6.24566 [core]2s1.012p3.224p0.01 
C9 1.99937 4.22069 0.01647 6.23653 [core]2s1.012p3.214p0.01 

C10 1.99929 4.45319 0.01312 6.46560 [core]2s1.022p3.434p0.01 
C11 1.99888 3.83748 0.02416 5.86052 [core]2s0.842p3.004p0.01 
C12 1.99938 3.25588 0.03869 5.29395 [core]2s0.812p2.453d0.014p0.03 
C13 1.99906 4.01854 0.01756 6.03516 [core]2s0.882p3.134p0.01 
C14 1.99926 4.53050 0.00910 6.53886 [core]2s1.062p3.47 
C15 1.99892 4.22493 0.01516 6.23902 [core]2s0.962p3.274p0.01 
C16 1.99892 4.22624 0.01525 6.24041 [core]2s0.962p3.274p0.01 
C17 1.99949 4.64556 0.00907 6.65411 [core]2s1.092p3.55 
C18 1.99901 4.22671 0.01473 6.24046 [core]2s0.952p3.284p0.01 
C19 1.99902 4.22105 0.01504 6.23510 [core]2s0.952p3.274p0.01 
C20 1.99915 4.20688 0.01588 6.22191 [core]2s0.962p3.244p0.01 
C21 1.99915 4.20593 0.01587 6.22095 [core]2s0.962p3.244p0.01 
C22 1.99914 4.22362 0.01535 6.23811 [core]2s0.972p3.264p0.01 
C23 1.99916 4.20742 0.01664 6.22322 [core]2s0.962p3.244p0.01 
C24 1.99915 4.20802 0.01650 6.22367 [core]2s0.962p3.244p0.01 
C25 1.99914 4.23484 0.01601 6.24999 [core]2s0.962p3.274p0.01 
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Table 8. Second-order perturbation theory analysis of fentanyl at B3LYP/6-31++G (d, p) level in the gas phase 

Donor(i) Occupancy Acceptor(j) Occupancy E(2) kcal/mol E(j)-E(i)/a.u F(i,j)/a.u 

π C11-C15 1.66435 π* C16-C21 0.32505 20.27 0.28 0.068 
  π* C20-C22 0.32841 19.58 0.28 0.067 

π C13-C18 1.64875 π* C19-C24 0.33295 19.51 0.28 0.066 
  π* C23-C25 0.33735 21.38 0.28 0.069 

π C16-C21 1.65806 π* C11-C15 0.35643 20.65 0.28 0.068 
  π* C20-C22 0.32841 20.11 0.28 0.067 

π C19-C24 1.67111 π* C13-C18 0.34351 20.84 0.28 0.069 
  π* C23-C25 0.33735 19.55 0.28 0.066 

π C20-C22 1.65837 π* C11-C15 0.35643 20.80 0.28 0.068 
  π* C16-C21 0.32505 20.09 0.28 0.067 

π C23-C25 1.66588 π* C13-C18 0.34351 19.21 0.28 0.066 
  π* C19-C24 0.33295 20.63 0.28 0.068 

LP (2) O1 1.86241 σ* N3-C12 0.08361 25.55 0.69 0.121 
  σ* C12-C14 0.06228 19.76 0.62 0.101 

 LP (1) N2 1.88258 σ* C7-H31 0.03430 7.54 0.70 0.066 
  σ* C8-H34 0.03470 7.39 0.69 0.065 
  σ* C9-H35 0.03222 7.48 0.70 0.066 

LP (1) N3 1.69901 π* O1-C12 0.28965 64.99 0.26 0.117 
  σ* C11-C15 0.02907 6.52 0.79 0.069 
  σ* C11-C16 0.02892 6.39 0.79 0.068 

 
 
3.5. Electrostatic surface properties 

Three-dimensional shapes of the molecular electrostatic potential (MEP) surfaces that are also 
known as molecular electrostatic potential maps describe the 3D charge distributions within a 
molecule. These surfaces give a visual representation of variably charged regions of a molecule. 
The charge distribution information is used to determine the charge-dependent properties and 
the interaction of molecules with each other [36]. In the MEP map, the red region represents 
the electron-rich region with the lowest potential energy, while the blue region represents the 
electron-poor, positively charged region with the highest potential energy value. Total density, 
MEP, ESP, and contour maps obtained at B3LYP level with 6-31++G (d,p) as the basis set are 
displayed in Figure 4. According to the MEP map, it is seen that the negative potential is clearly 
around the O1 atom. In addition, regions with positive potential are predominantly located on 
C˗H bonds. 
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Figure 4. Molecular surfaces calculated at B3LYP/6-31++G (d, p) level of theory 

 

4. CONCLUSIONS 

It is known that the physicochemical properties of drugs affect their bioactivity. These 
physicochemical properties differ according to the changes in their chemical structures. The 
spatial arrangement of the drug molecule and how it interacts with the target determines the 
pharmacological activity of the drug. In the light of this information, it is a highly advantageous 
approach to obtain information about the relevant physicochemical properties by using 
computational chemistry methods to interpret the pharmacokinetic properties of a drug 
candidate while it is still in the design phase. 

As a result, quantum chemical analysis was performed for fentanyl, a potent synthetic analgesic. 
Calculations were repeated for the water environment, as its behavior in the solvent 
environment is also important. Values compatible with the literature were obtained for bond 
angle and bond length. The lowest total energy, enthalpy and Gibbs free energy values from the 
calculated thermodynamic parameters were observed at B3LYP/6-31++G(d,p) level. Outputs 
of Mulliken population analysis, natural population analysis, and frontier molecular orbital 
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analysis are presented both as tables and diagrams. Quantum chemical descriptors were 
calculated from the HOMO and LUMO energy values. The energy gap, hardness and softness 
values that provide predictions about the reactivity of the molecule show that the compound is 
stable. The highest ΔE and hardness value with the lowest softness value were obtained by 
HF/6-31G (d, p) method. Intermolecular orbital interactions of fentanyl were figured out by 
NBO analysis. It was determined that the intramolecular charge transfer from LP (1) N3 donor 
to π*(O1-C12) acceptor orbital, which was calculated as 64.99 kcal mol-1, was the strongest 
interaction. According to the MEP analysis, it is observed that the negative potential is clearly 
around the O1 atom. In addition, regions with positive potential are predominantly located on 
C˗H bonds. 
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