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Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) are an important 

class of compounds that display a number of effects as a consequence 
of their ability to block cyclooxygenase (COX) involved in the first step 
of the arachidonic acid cascade [1]. COX exists in two isoforms named 
COX-1 and COX-2. The first is constitutively expressed in the stomach, 
the kidneys, and platelets and is considered important in mucosal 
protection and platelet function. COX-2 is inducible and plays a major 
role in prostaglandin biosynthesis in inflammatory cells [2]. Naproxen 
(Figure 1) is a non-steroidal anti-inflammatory drug (NSAIDs) with 
analgesic, antipyretic and anti-inflammatory properties. It is a non-
selective COX-2 inhibitor and inhibits both the isoforms of COX 
enzyme. The desired analgesic, antipyretic and anti-inflammatory 
activities of naproxen are obtained as a consequence of the inhibition 
of COX-2; on the other hand, inhibition of COX-1 leads to unwanted 
effects on the gastrointestinal tract such as ulceration, bleeding and 
perforation of gastrointestinal tract [1]. To reduce this unwanted effects 
attempts were made to synthesize less toxic naproxen derivatives [3]. A 
few computational and theoretical studies on naproxen were reported 
earlier. Jubert et al. investigated the vibrational and theoretical studies 
of naproxen [4]. Okulik and Jubert reported the theoretical study on the 
structure and reactive sites of naproxen (Figure 2) [5]. Moreover, Musa and 
Eriksson investigated the theoretical study of naproxen photo toxicity [6]. 
As a part of our ongoing research [7,8] the present study was undertaken 
and to the best of our knowledge, the medium effect on the solvation 
free energy, dipole moment and global and local reactivity descriptors 
(chemical hardness, softness, chemical potential, electronegativity and 
electrophilicity index) have not been previously reported.

Computational methods

All calculations were performed in Gaussian09 software package 
[9]. The geometries of the titled compound were optimized before 
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Figure 1: Structure of Naproxen.
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Figure 2: Frontier molecular orbital of Naproxen.
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performing any calculation. The absence of imaginary frequencies 
in the optimized structure confirmed that the stationary points 
correspond to minima on the potential energy surface. The solvation 
free energies, dipole moment and molecular properties were calculated 
on HF and B3LYP level with 6-31G(d) and 6-31G(d,p) basis sets. The 
Polarizable Continuum Model (PCM) and Solvation Model on Density 
(SMD) were used for all types of calculation.

Results and Discussion
Solvation free energy and dipole moment

The most important properties of a solute surrounded by solvent 
can best be described by the free energy change [10]. In this study, we 
compared the PCM and SMD models. However, the SMD model is 
recommended for calculating solvation free energy in Gaussian09. The 
calculated solvation free energies of naproxen are presented in Table 
1. For all levels of theory, the solvation free energies were gradually 
increased in going from lower to higher dielectric constant for PCM, 
but opposite result was observed in case of SMD model. In the two 
models, a significant change was observed in going from a non-polar 
to a polar solvent. Basis sets had no remarkable effect on the solvation 
energy for both models. In addition, solvation free energies at HF 
level of theory were more negative than that of B3LYP with PCM and 
SMD. For all solvents, SMD gave relatively higher solvation energies 
than that of PCM. The solvation free energy change from water 
to n-octanol (ΔGtro→w) was positive in case of PCM leading to the 
conclusion that diffusion of naproxen from water to n-octanol is not 
spontaneous process, but SMD gave quite opposite result which is in a 
good agreement with the experimental logP (3.18) value of naproxen. 
The positive ΔGtro→w value obtained from SMD model revealed 
that naproxen is a lipophilic molecule and will cross the lipid bilayer 
membrane easily. Hence, a prediction can be made regarding the 
lipophilicity or hydrophilicity of molecule from the ΔGtro→w value.

The dipole moment is expected to be larger in solution than in the 
gas phase. Table 2 presents the dipole moments computed in the gas 
phase and in two solvents (H2O and n-octanol) at the different level 
of theories (HF and B3LYP) with 6-31G(d) and 6-31G(d,p) as basis 
sets using PCM and SMD solvation models. All the dipole moments 
calculated with B3LYP level were larger than that calculated with 
HF. The difference between the dipole moments in different solvents 
calculated at B3LYP and HF with 6-31G(d) and 6-31G(d,p) basis sets 
varied from 0.20 to 0.28 and 0.20 to 0.39 Debye, respectively. Generally, 

from lower to higher dielectric constant, the dipole moment increased 
steadily regardless of the theory.

Global reactivity descriptors

The energy gap between HOMO and LUMO is a critical 
parameter to determine molecular electrical transport properties. 
By using HOMO and LUMO energy values for a molecule, the 
global chemical reactivity descriptors of molecules such as hardness, 
chemical potential, softness, electronegativity and electrophilicity 
index have been defined [11-15]. Pauling introduced the concept 
of electronegativity as the power of an atom in a molecule to attract 
electrons to it. Using Koopman’s theorem for closed-shell molecules 
the hardness (η), chemical potential (µ) and electronegativity (𝝌) 
and softness (S) are defined as follows.
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Where I and A are the ionization potential and electron affinity of 
the molecules, respectively. The ionization energy and electron affinity 
can be expressed through HOMO and LUMO orbital energies as I=-
EHOMO and A=-ELUMO. 

Considering the chemical hardness, large HOMO–LUMO gap 
means a hard molecule and small HOMO–LUMO gap means a soft 
molecule (Table 2). One can also relate the stability of the molecule to 
hardness and softness. Molecule with least HOMO–LUMO gap is more 
reactive and vice versa. Parr et al. have defined a new descriptor to 
quantify the global electrophilic power of a molecule as electrophilicity 
index (𝜔), which defines a quantitative classification of the global 
electrophilic nature of a molecule (Table 3) [14]. Parr et al. have defined 
electrophilicity index (𝜔) as follows [14]:
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Using the above equations, the chemical potential, hardness and 
electrophilicity index were calculated. These reactivity quantities are 
very useful in understanding the toxicity of compounds in terms of 
their reactivity and site selectivity [16-18]. The molecular properties of 
naproxen in gas phase and in different medium are presented in Table 
4. Ongoing from non-polar to polar solvent the chemical potential, 
electronegativity and electrophilicity index were increased regardless 
of the solvation models, basis sets and level of theories used. On the 
other hand, solvent systems had no noticeable effect on chemical 
hardness and softness.

Conclusion
In the present work, the medium effect on solvation free energies, 

dipole moment and global reactivity descriptors have been determined 
from HF and DFT calculations using 6-31G(d) and 6-31G(d,p) as basis 
sets. From the calculated value of ΔGtro→w a prediction regarding the 
lipophilicity of a molecule can be made provided that the SMD model 
is used. The HOMO–LUMO energy gap has been calculated to get 
the global reactivity descriptors of the titled molecule. The calculated 

Medium
(dielectric 
constant)

PCM SMD
6-31G(d) 6-31G(d,p) 6-31G(d) 6-31G(d,p)

HF B3LYP HF B3LYP HF B3LYP HF B3LYP
H2O (78.3) -9.1 -7.1 -9.5 -7.2 -11.5 -7.9 -12.8 -7.5

n-Octanol (9.9) -7.6 -6.1 -7.9 -6.2 -12.8 -10.1 -13.1 -10.2
ΔGtro→w 1.5 0.9 1.6 1.0 -1.3 -2.2 -0.3 -2.6

Table 1: Solvation free energy (Kcal/mol) of Naproxen in different solvents with 
PCM, CPCM and SMD.

Solvation
Model

Medium
(dielectric constant)

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

Gas 1.23 1.30 1.23 1.30

PCM
H2O (78.3) 1.47 1.68 1.49 1.70

n-Octanol (9.9) 1.43 1.63 1.45 1.65

SMD
H2O (78.3) 1.45 1.73 1.47 1.88

n-Octanol (9.9) 1.44 1.75 1.46 1.76

Table 2: Dipole moment (Debye) of Naproxen in gas phase and in different 
solvents using PCM and SMD.



Citation: Mohammad FK, Ridwan BR (2015) Medium Effect on Solvation Free Energy, Dipole Moment and Molecular Reactivity of Naproxen. J Theor 
Comput Sci 2: 134. doi:10.4172/2376-130X.1000134. 

Page 3 of 4

Volume 2 • Issue 4 • 1000134
J Theor Comput Sci, an open access journal
ISSN: 2376-130X

Solvation Model

Medium (dielectric 
constant) Orbital

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

HF B3LYP HF B3LYP

Gas
HOMO (eV) -7.55 -5.45 -7.54 -5.45
LUMO (eV) 2.64 -1.01 2.63 -1.03

∆E (eV) -10.18 -4.44 -10.17 -4.43

PCM

H2O (78.3)
HOMO (eV) -7.73 -5.60 -7.73 -5.61
LUMO (eV) 2.48 -1.17 2.47 -1.18

∆E (eV) -10.21 -4.43 -10.20 -4.43

n-Octanol (9.9)
HOMO (eV) -7.70 -5.57 -7.69 -5.58
LUMO (eV) 2.51 -1.14 2.50 -1.15

∆E (eV) -10.20 -4.43 -10.19 -4.43

SMD

H2O (78.3)
HOMO (eV) -7.65 -5.52 -7.64 -5.51
LUMO (eV) 2.60 -1.06 2.60 -1.05

∆E (eV) -10.25 -4.46 -10.24 -4.46

n-Octanol (9.9)
HOMO (eV) -7.60 -5.47 -7.59 -5.48
LUMO (eV) 2.63 -1.03 2.63 -1.04

∆E (eV) -10.23 -4.45 -10.22 -4.44

Table 3: HOMO, LUMO and energy gaps of naproxen in different solvents with PCM and SMD.

Solvation Model

Medium (dielectric constant) Molecular properties 
6-31G(d) 6-31G(d,p)

HF B3LYP HF B3LYP

Gas

Chemical hardness (η) 5.09 2.22 5.09 2.21

Softness (S) 0.20 0.45 0.20 0.45

Chemical potential (µ) -2.46 -3.23 -2.46 -3.24

Electronegativity (𝝌) 2.46 3.23 2.46 3.24

Electrophilicity index (𝜔) 3.02 5.22 3.02 5.25

PCM

H2O (78.3)

Chemical hardness (η) 5.10 2.22 5.10 2.21

Softness (S) 0.20 0.45 0.20 0.45

Chemical potential (µ) -2.63 -3.39 -2.63 -3.40

Electronegativity (𝝌) 2.63 3.39 2.63 3.40

Electrophilicity index (𝜔) 3.45 5.74 3.45 5.76

n-Octanol (9.9)

Chemical hardness (η) 5.10 2.22 5.10 2.21

Softness (S) 0.20 0.45 0.20 0.45

Chemical potential (µ) -2.59 -3.36 -2.59 -3.37

Electronegativity (𝝌) 2.59 3.36 2.59 3.37

Electrophilicity index (𝜔) 3.37 5.64 3.37 5.66

SMD

H2O (78.3)

Chemical hardness (η) 5.12 2.23 5.12 2.23

Softness (S) 0.20 0.45 0.20 0.45

Chemical potential (µ) -2.53 -3.29 -2.52 -3.28

Electronegativity (𝝌) 2.53 3.29 2.52 3.28

Electrophilicity index (𝜔) 3.19 5.43 3.18 5.39

n-Octanol (9.9)

Chemical hardness (η) 5.11 2.22 5.11 2.22

Softness (S) 0.20 0.45 0.20 0.45

Chemical potential (µ) -2.48 -3.25 -2.48 -3.26

Electronegativity (𝝌) 2.48 3.25 2.48 3.26

Electrophilicity index (𝜔) 3.08 5.29 3.08 5.31

Table 4: Medium effect on molecular properties of Naproxen.
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molecular properties may lead to understand the stability and reactivity 
of naproxen and the results will be of assistance to use the title molecule 
in reaction intermediates and pharmaceuticals.

References

1. Insel PA (1996) Analgesic-antipyretic and anti-inflammatory agents and drugs 
employed in the treatment of gout. The Pharmacological Basis of Therapeutics 
(9th edn.) Hardman JG, Limbird LE, Molinoff PB, Ruddon RW, Gilman AG. Eds. 
McGraw-Hill: New York 617-657.

2. Griswold DE, Adams L (1996) Constitutive cyclooxygenase (COX-1) and 
inducible cyclooxygenase (cox-2): Rationale for selective inhibition and 
progress to date. Med Res Rev 16: 181-206.

3. Akter M, Saha SK, Rahman SMA (2015) Gastroentero-histopathology studies 
of synthesized naproxen esters in young healthy sprague-dawley rat model. 
Dhaka Univ J Pharm Sci 14: 49-53.

4. Jubert A, Legarto ML, Massa NE, Tevez L, Okulik NB (2006) Vibrational 
and theoretical studies of non-steroidal anti-inflammatory drugs Ibuprofen 
[2-(4-isobutylphenyl)propionic acid]; Naproxen [6-methoxy-a-methyl-2-
naphthalene acetic acid] and Tolmetin acids [1-methyl-5-(4-methylbenzoyl)-
1H-pyrrole-2-acetic acid]. Journal of Molecular Structure 783: 34-51.

5. Okulik N, Jubert AH (2006) Theoretical study on the structure and reactive 
sites of three non-steroidal anti-inflammatory drugs: Ibuprofen, Naproxen and 
Tolmetin acids. Journal of Molecular Structure: Theochem 769: 135-141.

6. Musa KAK, Eriksson LA (2008) Theoretical study of the photo toxicity of 
Naproxen and the active form of Nabumetone. J Phys Chem A 112: 10921-
10930.

7. Khan MF, Nabila SA, Rashid RB, Rahman MS, Chowdhury AA, et al. (2015) In 
silico molecular docking studies of lichen metabolites against cyclooxygenase-2 
enzyme. Bang Pharm J 18: 90-96.

8. Khan MF, Rashid RB, Rashid MA (2015) Computational study of geometry, 
molecular properties and docking study of Aspirin. WJPR 4: 2702-2714.

9. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, et al. (2010) 
Gaussian 09, Revision A.02. Gaussian, Inc., Wallingford CT.

10.	Cramer CJ (2004) Essential of Computational Chemistry. 2nd edn. Wiley, 
England.

11. Parr RG, Donnelly RA, Levy M, Palke WE (1978) Electronegativity: The density 
functional viewpoint. J Chem Phys 68: 3801-3807.

12.	Parr RG, Pearson RG (1983) Absolute hardness: companion parameter to 
absolute electronegativity. J Am Chem Soc 105: 7512-7516.

13.	Parr RG, Chattraj PK (1991) Principle of maximum hardness. J Am Chem Soc 
113: 1854-1855.

14.	Parr RG, Szentpály LV, Liu (1999) Electrophilicity Index. J Am Chem Soc 121: 
1922-1924.

15.	Chattaraj PK, Maiti B, Sarkar U (2003) Philicity: a unified treatment of chemical 
reactivity and selectivity. J Phys Chem A 107: 4973-4975.

16.	Parthasarathi R, Padmanabhan J, Subramanian V, Sarkar U, Maiti B, et al. 
(2003) Toxicity analysis of benzidine through chemical reactivity and selectivity 
profiles: A DFT approach. Int Electron J Mol Des 2: 798-813.

17.	Parthasarathi R, Padmanabhan J, Subramanian V, Sarkar U, Maiti B, et al. 
(2004) Intermolecular reactivity through the generalized philicity concept. 
Chem Phys Lett 394: 225-230.

18.	Parthasarathi R, Padmanabhan J, Subramanian V, Sarkar U, Maiti B, et al. 
(2004) Toxicity analysis of 33’44’5-pentachloro biphenyl through chemical 
reactivity and selectivity profiles. Curr Sci 86: 535-542.

http://accessmedicine.mhmedical.com/content.aspx?bookid=374&sectionid=41266242
http://accessmedicine.mhmedical.com/content.aspx?bookid=374&sectionid=41266242
http://accessmedicine.mhmedical.com/content.aspx?bookid=374&sectionid=41266242
http://accessmedicine.mhmedical.com/content.aspx?bookid=374&sectionid=41266242
http://www.ncbi.nlm.nih.gov/pubmed/8656779
http://www.ncbi.nlm.nih.gov/pubmed/8656779
http://www.ncbi.nlm.nih.gov/pubmed/8656779
http://www.researchgate.net/publication/281415394_Gastroentero-histopathology_Studies_of_Synthesized_Naproxen_Esters_in_Young_Healthy_Sprague-Dawley_Rat_Model
http://www.researchgate.net/publication/281415394_Gastroentero-histopathology_Studies_of_Synthesized_Naproxen_Esters_in_Young_Healthy_Sprague-Dawley_Rat_Model
http://www.researchgate.net/publication/281415394_Gastroentero-histopathology_Studies_of_Synthesized_Naproxen_Esters_in_Young_Healthy_Sprague-Dawley_Rat_Model
http://www.sciencedirect.com/science/article/pii/S0022286005006228
http://www.sciencedirect.com/science/article/pii/S0022286005006228
http://www.sciencedirect.com/science/article/pii/S0022286005006228
http://www.sciencedirect.com/science/article/pii/S0022286005006228
http://www.sciencedirect.com/science/article/pii/S0022286005006228
http://www.sciencedirect.com/science/article/pii/S0166128006002375http:/www.sciencedirect.com/science/article/pii/S0166128006002375
http://www.sciencedirect.com/science/article/pii/S0166128006002375http:/www.sciencedirect.com/science/article/pii/S0166128006002375
http://www.sciencedirect.com/science/article/pii/S0166128006002375http:/www.sciencedirect.com/science/article/pii/S0166128006002375
http://pubs.acs.org/doi/abs/10.1021/jp805614y?journalCode=jpcafh
http://pubs.acs.org/doi/abs/10.1021/jp805614y?journalCode=jpcafh
http://pubs.acs.org/doi/abs/10.1021/jp805614y?journalCode=jpcafh
http://www.banglajol.info/index.php/BPJ/article/view/24304
http://www.banglajol.info/index.php/BPJ/article/view/24304
http://www.banglajol.info/index.php/BPJ/article/view/24304
http://www.wjpr.net/dashboard/abstract_id/3945
http://www.wjpr.net/dashboard/abstract_id/3945
http://as.wiley.com/WileyCDA/WileyTitle/productCd-0470091827.html
http://as.wiley.com/WileyCDA/WileyTitle/productCd-0470091827.html
http://scitation.aip.org/content/aip/journal/jcp/68/8/10.1063/1.436185http:/scitation.aip.org/content/aip/journal/jcp/68/8/10.1063/1.436185
http://scitation.aip.org/content/aip/journal/jcp/68/8/10.1063/1.436185http:/scitation.aip.org/content/aip/journal/jcp/68/8/10.1063/1.436185
http://pubs.acs.org/doi/abs/10.1021/ja00364a005
http://pubs.acs.org/doi/abs/10.1021/ja00364a005
http://pubs.acs.org/doi/abs/10.1021/ja00005a072
http://pubs.acs.org/doi/abs/10.1021/ja00005a072
http://pubs.acs.org/doi/abs/10.1021/ja983494x
http://pubs.acs.org/doi/abs/10.1021/ja983494x
http://pubs.acs.org/doi/abs/10.1021/jp034707u
http://pubs.acs.org/doi/abs/10.1021/jp034707u
http://repository.ias.ac.in/84418/
http://repository.ias.ac.in/84418/
http://repository.ias.ac.in/84418/
http://www.sciencedirect.com/science/article/pii/S0009261404010164
http://www.sciencedirect.com/science/article/pii/S0009261404010164
http://www.sciencedirect.com/science/article/pii/S0009261404010164
http://www.researchgate.net/publication/255623669_Toxicity_analysis_of_33'_'44'_'5-pentachloro_biphenyl_through_chemical_reactivity_and_selectivity_pr_ofiles
http://www.researchgate.net/publication/255623669_Toxicity_analysis_of_33'_'44'_'5-pentachloro_biphenyl_through_chemical_reactivity_and_selectivity_pr_ofiles
http://www.researchgate.net/publication/255623669_Toxicity_analysis_of_33'_'44'_'5-pentachloro_biphenyl_through_chemical_reactivity_and_selectivity_pr_ofiles

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction 
	Computational methods 

	Results and Discussion 
	Solvation free energy and dipole moment 
	Global reactivity descriptors 

	Conclusion
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4
	References 

