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f the effectiveness of the expired
drug isoprinosine in preventing aluminum
corrosion in alkaline solutions using both
computational and experimental techniques†

S. M. Syam, *a Emad E. El-Katori,b Ahmed. A. Elhenawy, cd H. Nadyef

and Salah Eid*ae

A now-expired medication called isoprinosine was examined in NaOH (0.50 M) solutions as a potential

novel inhibitor of aluminum corrosion. The inhibitory effectiveness of the isoprinosine compounds was

examined utilizing different electrochemical tests (open circuit potential OCP, potentiodynamic

polarization and electrochemical impedance spectroscopy EIS), surface examination and quantum

calculations. Increases in isoprinosine concentration were seen to increase the inhibitory efficacy. It was

discovered that the inhibitory action, which results in the inhibition of charge and mass transfer and

protects the aluminum against harmful ions, was brought on by isoprinosine molecules adhering to the

aluminum surface. Additionally, the surface morphology of Al dissolved in a 0.50 M NaOH solution

without and with the existence of an isoprinosine molecule was analyzed using SEM/EDX and AFM

techniques. Utilizing the optimized geometric parameters of the ground state molecules, FMO

simulations and additional studies were executed successfully utilizing the density functional theory

(DFT/B3LYP/6-311++G(d,p)). Based on the expected energies for the molecular carriers of charge,

HOMO and LUMO. Calculations are also done for the AIM charges, Fukui functions, AIM charges, and

excitation energies. Furthermore, molecular dynamic was simulated to explore the corrosion inhibition

efficiency and mechanism of inhibition. The computational results are in the same agreement with

experimental results, showing that isoprinosine can inhibit the corrosion of aluminum in 0.5 M NaOH.
1. Introduction

Aluminum is commonly utilized as a crucial structural element in
a variety of industries due to its superior functional and cost
benets, including surface coatings, aeroplanes, and batteries.1,2

Yet, corrosion affects it just like it does with other metals. When
metallic structures are slowly harmed by chemical or electro-
chemical reactions, it is called corrosion. Many studies have been
done on the corrosion of aluminum in various mediums.3–9 One
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of the most dangerous media for aluminum corrosion is the
alkaline medium.10–15 To stop or mitigate these negative impacts,
a variety of tacticsmust be employed. Utilizing inhibitors serves as
one of the most successful strategies for avoiding corrosion, such
as certain chemical compounds containing aromatic rings,
heteroatoms, or p-electrons.16–20 It is recognized that coordinate
bonds are stronger and display signicant inhibitory efficiency in
heterocyclic organic compounds.

Due to their high cost and extreme toxicity to both humans
and the environment, the inhibitors utilized can also carry
considerable dangers. Outdated medication might be used to
get around these drawbacks. Many medications are returned to
their producers, where they will expire, costing the manufac-
turers money. Several of the components present in repurposed
(or expired) medications can occasionally be recycled for
a variety of purposes. These medications include a variety of
organic chemicals that can be utilized as anti-corrosion agents
to lessen metal dissolution.21–44 One of the common drugs used
to treat herpes is isoprinosine. It is possible to reuse iso-
prinosine, which is not sold, as an inhibitor for metal corrosion.
Expired isoprinosine is inexpensive and safe for the environ-
ment and people to utilize.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The purpose of this essay is to examine how the medication
isoprinosine inhibits the dissolution of Al in a sodium
hydroxide (0.50 M) solution. Potentiodynamic polarization (PP),
AFM, SEM/EDX, electrochemical impedance spectroscopy [EIS]
and Open circuit potential [OCP] techniques have all been
employed in the inquiry. Additionally, DFT and MC modeling
were used to research isoprinosine in order to understand the
mechanism of corrosion prevention.
Fig. 2 Open-circuit potential of Al in 0.5 M NaOH in absence and
presence of isoprinosine.
2. Experimental
2.1. Test solutions

Distilled water and sodium hydroxide of analytical grade were
used to create each tested solution. Isoprinosine, inosine pra-
nobex, also known as inosine acedoben dimepranol (INN) or
methisoprinol, has been used as the new inhibitor. Under
license from Newport Pharmaceuticals Limited, Dublin, Ire-
land, isoprinosine was manufactured in Abu-Sultan, Ismailia,
Egypt, by Medical Union Pharmaceuticals. Isoprinosine is an
antiviral drug that develops the body's immunity and presents
as a solution. Each 5 ml of the medication includes 250 mg of
Isoprinosine. A dilution was then used to generate the volume
required to reach the target concentration. Isoprinosine has the
chemical formula C52H78N10O17 and a molar mass of 1115.23 g
mol−1. The chemical structures of the three parts of inosine
pranobex (inosine, acedoben and dimethylamino isopropanol
with a ratio of 1 : 3 : 3) are shown in Fig. 1.
2.2. Electrochemical experiments

Utilizing a 3-electrode cell comprising a platinum (Pt) counter
electrode, a saturated calomel electrode (SCE) as a reference
electrode, and an aluminum metal working electrode (area =

0.8 cm2), all electrochemical tests were carried out. Before
usage, the Al electrode was polished with emery paper of various
grades up to 2.5× 103 grade, then washed with dimethyl ketone
and distilled water. All tests were performed at 293 K. Every
experiment was run at least twice in order to ensure repeat-
ability. The electrochemistry soware suite Versa Studio and
Versa STAT 4 were linked to the electrochemical cell. For een
minutes, the Al electrode was submerged in the test solution
Fig. 1 Chemical structures of the three components of isoprinosine.

© 2024 The Author(s). Published by the Royal Society of Chemistry
prior to the experiment. At OCP, EIS experiment was performed
using an AC voltage of 10−2 V with a sine wave frequency range
of 10+5 : 0.1 Hz. We quantied the potentiodynamic polarization
(PP) data by sweeping the electrode potential at a scan rate of
5 mV s−1 from −1900 to −1000 mV vs. SCE. Every assessment
conducted for this investigation was conducted in a naturally
aerated environment.
2.3. Surface measurements

The aluminum samples were scraped with various emery sheets
up to a 2500 grade and then maintained in NaOH (0.50 M) with
and without 0.011208 M of isoprinosine for 24 hours. The
coupons were dehydrated, dried, and then inserted into the
spectrometer following a distilled water cleaning. BED-C
10.0VKV, Jeol, a scanning electron microscopy (SEM) analysis
observation tool, was utilized to examine the morphology of the
Al surface. We performed the Atomic Force Microscopy (AFM)
evaluation with the Nano Surf Flex AFM and C3000 controller.
2.4. Molecular modeling studies

A program named Materials Studio (developed by Accelrys Inc.)
was used to do all of the quantum chemistry calculations using
density functional theory (DFT) with free spin.45 For DFT
simulation, the generalized gradient approximation (GGA) of
the Becke3-Lee-Yang-parr (B3LYP) level is used in the double-
numeric basis set (DNP 4.4).46 In addition to other molecular
properties, including HOMO–LUMO, MEP & Fukui functions,
the ideal structure also carried out the geometrical parameters.
The electron localization function and the topological param-
eters were determined using the Atoms in Molecule (AIM)
theory and Multiwfn soware.
2.5. Molecular dynamic simulations

Molecular Dynamics (MD) simulation is used by the Adsorption
Locator module in Materials Studio to simulate the attraction of
RSC Adv., 2024, 14, 11244–11257 | 11245
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isoprinosines over the Al metal surface. To simulate the process
of adsorption, the Al (1 1 0) plane's most stable surface was
used. The simulation box for this plane measures (22.90 Å ×

57.26 Å × 26.68 Å). For a vacuum layer, the box consists of an
aluminum slab with a 15.00 Å. The connection between the total
energy of the crystal when mixed with the isoprinosine “Etotal”
and the specic energy for the isoprinosine “Einh” and the Al
surface was used to indicate the interaction energy between Al
and the isoprinosine “Eadsorption”. Eqn (1) is designed to repre-
sent this relationship.

“Eadsorption = Etotal (EAl + Einhibitor)” (1)

where Etotal is the system total energy, EAl the Al slab energy, and
Einhibitor is the energy of inhibitor molecule. As an adsorption
energy's negative sign value, the binding energy was
determined.
3. Results and discussion
3.1. Open circuit potential (OCP)

The open circuit potential (OCP) vs. time graphs for aluminum
in 0.5 M NaOH are shown in Fig. 2 in both the presence and
absence of various amounts of isoprinosine. When aluminum is
exposed to corrosive medium, OCP declines rapidly, which may
be caused by the quick dissolution of the thin Al2O3 layer that
Fig. 3 (a) Potentiodynamic polarization graphs of aluminum electrode in
The effect of increasing concentration of isoprinosine on the current de

Table 1 Polarization parameters of aluminumelectrode in NaOH (0.50M
293 K

Inh. conc. Ecorr/mV(SCE) icorr/mA cm−2 ba/m

0 −1540 19.064 205
0.0045 −1532 5.39 748
0.0067 −1528 4.56 897
0.0089 −1519 3.58 843
0.0112 −1511 2.67 835

11246 | RSC Adv., 2024, 14, 11244–11257
has developed on the metal electrode, according to the
exhaustive examination of the OCP vs. time curves.47,48 Also,
isoprinosine shis the steady-state potential in an increased
positive direction. This behavior is connected to the byproducts
of the corrosion reaction that isoprinosine adsorbs and/or
deposits on the aluminum surface, which may control and
slow down the dissolution of aluminum. Furthermore, the
features differ noticeably between the samples in the existence
of several concentrations of isoprinosine and the uninhibited
specimen. The samples' OCP vs. time curve was virtually
straight at 15 minutes, indicating the accomplishment of
steady-state potential.49,50
3.2. Potentiodynamic polarization (PP)

Aluminum PP curves in NaOH (0.50 M) solutions, both
untreated and with varying amounts of isoprinosine, are shown
in Fig. 3. The required electrochemical parameters are shown in
Table 1 and include the percentage of inhibitory efficacy (% I. E.
P), surface coverage (q), corrosion current (icorr), cathodic and
anodic Tafel slopes (ba and bc) and corrosion potential (Ecorr).
With a view to computing the (% I. E. P) and surface coverage
(q), the following eqn (2) and (3) were used:50–54

%I: E: P ¼
�
1� iiso

iNaOH

�
� 100 (2)
0.50MNaOH solution containing different amounts of isoprinosine. (b)
nsity and the inhibition efficiency.

) solutions free and containing diverse concentrations of isoprinosine at

V dec−1 −bc/mV dec−1 q % I. E. P

.6 653.1 — —

.3 334.2 0.7177 71.73

.6 335.5 0.7608 76.08

.1 360.8 0.8122 81.22

.9 290.2 0.8599 85.99

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the inhibitory effectiveness of several expired drugs used for aluminum corrosion in various environments

Inhibitor Concentration Metal Medium Inhibition efficiency References

Linezolid 250 mg L−1 Al 1 M NaCl 71.00% 34
Noroxacin 500 mg L−1 Al 1 M NaCl 62.30% 34
Thiamine or vitamin B1 250 mg L−1 Al 0.5 M H2SO4 91.14 36
Riboavin or vitamin B2 250 mg L−1 Al 0.5 M H2SO4 92.40 36
Voltaren 125 ppm Al 1 M HCl 91.70% 40
Moxaoxacin 400 ppm Al 1 M H2SO4 86.17% 41
Betnesol 400 ppm Al 1 M H2SO4 95.40% 41
Ceriaxone 300 ppm Al 1 M NaOH 78.40% 42
Ceazidime 300 ppm Al 1 M NaOH 59.50% 42
Sildenal drug 5 × 10−4 M 6063 aluminum alloy 1 M NaOH 90.59 43
Dapoxetine drug 5 × 10−4 M 6063 aluminum alloy 1 M NaOH 92.63 43
Theophylline 2.5% 7075 aluminium alloy 1 M NaOH 91.00 44
Isoprinosine 0.0112 M Al 0.5 M NaOH 85.99% This work

Fig. 4 Nyquist (a) and bode (b and c) plots of Al after electrode immersion in 0.5 M NaOH in absence and presence of isoprinosine inhibitor at
293 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 11244–11257 | 11247

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

10
:4

7:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00158c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

10
:4

7:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
q ¼
�
1� iiso

iNaOH

�
(3)

where iNaOH and iiso are the corrosion current density of the
aluminum electrode in lack of and existence of isoprinosine,
respectively. Fig. 3 shows that as isoprinosine concentration
raised the corrosion current density shied to lower values,
causing a decrease in the rate of corrosion and an increase in
inhibition efficiency. Table 1's analysis illustrates that as iso-
prinosine amounts is raised, the value of (icorr) diminishes and
the inhibitory activity rises to reach its maximum value, 85.99%
at 0.0112 M. This output shows how the isoprinosine prevents
aluminum in NaOH (0.50 M) solution from dissolution. Addi-
tionally, there is no obvious change in Ecorr values; more so, the
anodic and cathodic Tafel constants were signicantly altered
by the addition of increasing isoprinosine concentrations,
which points to a mixed adsorption mechanism.18 The experi-
mental ndings of this study are presented in Table 2 with those
of other studies using aluminum corrosion inhibitors in various
mediums. The dynamic polarization test results suggest that
the protective layer formed by the isoprinosine components on
aluminum surface in alkaline media has a strong anti-corrosion
performance.
3.3. EIS measurements

Electrochemical impedance spectroscopy (EIS), is a highly
effective method for examining complicated electrochemical
systems. Fig. 4 displays aluminum EIS diagrams in both the
lack and the existence of various Isoprinosine amounts. Addi-
tionally, this gure depicts depressed capacitive semicircles in
the higher and lower frequency bands, separated by a low-
frequency inductive loop.12 Adsorbed intermediates were
found on the aluminum surface throughout the dissolving
process, which provided evidence for the inductive loop at
medium frequencies.30,55,56 Previously, it was thought that the
capacitive semicircle at higher frequencies was caused by the
relaxation of adsorbed species as OH− or due to the Al–Al+ redox
reaction, which was also thought to be the rate-determining
stage in the charge transfer process.12,57–59 Consequently, the
resistance for charge transfer between Al–Al+ and the resistance
indicated by the intercepts of the rst capacitive semicircle with
the real axis are equivalent. Moreover, the quick redox reaction
between the Al+ and Al3+ could be the cause of the second
capacitive semicircle.60,61 As the concentration of isoprinosine
rises, it can be seen that the semicircle's diameter grows. This
Table 3 Electrochemical parameters calculated from EISmeasurements
diverse concentrations of isoprinosine at 293 K

Inh. conc.
Rs
(U)

Rct1
(U cm2) CPE

Rct2

(U cm2) Cdl

RL
(U cm

0 7.4 3.8 3.2 × 10−5 0.517 8.5 × 10−5 0.6
0.0067 10.9 4.9 1.5 × 10−5 2.9 2.7 × 10−5 1.2
0.0089 14.8 0.1 3.8 × 10−5 9.9 4.1 × 10−6 1.9
0.0112 19.6 0.1 3.7 × 10−5 13.2 7.2 × 10−11 0.22

11248 | RSC Adv., 2024, 14, 11244–11257
extend in capacitive semicircles demonstrates that the attrac-
tion of isoprinosine to the Al surface, which leads to greater
resistance and a slower rate of corrosion, is what gives birth to
their inhibitory action. The cell under study and its reaction
mechanism must be understood in order to t an EIS model to
experimental results. In order to examine the impedance
spectra of aluminum in caustic soda solutions, the analogous
circuit presented in Fig. S1† was employed. In Table 3, the tted
ndings for various isoprinosine concentrations are presented.
Inspection of Table 3 demonstrates that inhibited systems
exhibit higher Rct values than uninhibited systems.62 Cdl may
decrease in inhibited systems when isoprinosine molecules
replace high-dielectric water with lower-dielectric isoprinosine
molecules, suggesting that the isoprinosine molecules bind to
the metal/electrolyte interface and cause a decline in the local
dielectric constant.63

3.4. Surface morphology

By analyzing the geometry of the surface, the sharpness of the
corrosion assault may be ascertained. Aluminum specimens
were observed using SEM/EDX aer being dipped in 0.5 M
NaOH, lacking and possessing 0.011208 M of isoprinosine, as
shown in Fig. 5 and 6. Aluminum coupons in 0.5 M NaOH only
showed a signicantly deformed surface, as predicted by the
SEM results, which detailed their morphological characteristics.
Conversely, the aluminum surface appears to have fewer
scratches and is ner (as shown in Fig. 6) in a 0.5 M NaOH
solution with isoprinosine.64–66

Atomic or near-atomic resolution AFM surface topography
images may be utilized to examine a coupon's surface rough-
ness. The aluminum surface's AFM morphologies in NaOH (0.5
M) solutions are depicted in Fig. 7 in both the presence and lack
of the isoprinosine inhibitor. As illustrated in Fig. 7, the
aluminum surface's root mean square and average roughness in
0.5 M NaOH are greater than those of the aluminum sample
with isoprinosine present. These results show that isoprinosine
molecules have been attracted to the aluminum surface,
successfully creating a safeguarding layer that defends the
surface of aluminum from caustic soda.23

3.5. Adsorption isotherm

The interpretation of isoprinosine adsorption demeanor on the
aluminum surface is made possible by locating a suitable
isotherm. The exploratory data from PP measurements were
tted using Langumir, Freundlich, Temkin and Flory–Huggins
on aluminum electrode in NaOH (0.50 M) solutions free and containing

2) L
Rct3
(U cm2) Cf Chi-squared c2

RT

(U cm2)
%
I. E. P

0.002439 1.4 0.06369 0.0009936 6.34 —
0.006234 2.9 0.05321 0.0003527 11.9 46.7
0.006668 3.5 0.05725 0.0002367 15.4 58.8
0.01031 6.7 0.04721 0.0002816 20.2 68.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM/EDX for Al after immersion 0.5 M NaOH in the absence of isoprinosine.
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isotherm relations.67 Our ndings, as shown in Fig. S2,† meet
the Langmuir isotherm eqn (4):68

C

q
¼ 1

k
þ C; (4)

where K and C symbolize the equilibrium constant for the
process of adsorption and the isoprinosine concentration,

respectively. Fig. S2† displays a graph of
C
q
vs. C. The equilib-

rium constant for adsorption, K, and the standard free energy of
adsorption, DG

�
ads, are related by the eqn (5):69

K ¼ 1

55:5
exp

��DG�

RT

�
(5)

where the number 55.5 symbolizes the water molar concentra-
tion and the letters R and T symbolize the ideal gas constant and
© 2024 The Author(s). Published by the Royal Society of Chemistry
the absolute temperature, respectively. The standard adsorp-
tion free energy is equal to −25.1 kJ mol−1, and the equilibrium
constant is equal to 526. The negative sign of “DG

�
ads” denotes

the adsorption of isoprinosine on the Al surface occurring
spontaneously.69
3.6. Molecular modeling studies

3.6.1. Isoprinosine frontier orbital analysis. Conceptual
DFT is a useful tool to recognize the reactivity of chemical
processes. It involves the calculation of reactivity indices, such
as the LRI and the GRI, which measure the local and global
tendency of a molecule to react. These indices can help compare
the reactivity of different molecules or reactions, and they can
also predict the most favorable reaction pathways and mecha-
nisms. This can help optimize synthetic strategies and design
RSC Adv., 2024, 14, 11244–11257 | 11249
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Fig. 6 SEM/EDX for Al after immersion 0.5 M NaOH in the presence of 0.01 M of isoprinosine inhibitor.
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new reactions. The global indices used in this study are elec-
tronic chemical potential 4, global electrophilicity u, chemical
hardness h and global nucleophilicity N, as well as the
maximum number of electrons transferred (DNmax) for iso-
prinosine (see Table 4). These indices indicate the stability and
reactivity of the interaction between the LUMO of the surface
and the HOMO of isoprinosine. The adsorption of isoprinosine
on Al surface was studied by calculating the DG values for
different components of the drug. The results showed that
inosine had the lowest DG value (3.6 eV), followed by Acedoben
(4.7 eV) and dimethylaminopropanol (5.3 eV). The DG values
increased with the hardness of the electrophiles and the so-
ness of the nucleophiles in the drug components. As a result,
nucleophiles and electrophiles have been dened using so
and hard terminology that are directly related to DG. An
11250 | RSC Adv., 2024, 14, 11244–11257
effective inhibitor molecule in basic medium is anticipated for
the small DG, due to its high soness characteristics. On the
other hand, hard molecules have high DG and are ineffective
inhibitors of corrosion.70

The phrase (m) “electron donating potency” refers to how
many electrons the inhibitor is capable of transferring from
itself as a donor to the metal as an acceptor molecule.71 iso-
prinosine's inhibitory activity increases with its ability to
contribute more electrons. Therefore, higher electron donating
potencies are ordered as inosine, dimethylaminopropanol, and
acedoben. On the other hand, the lower the electron accepting
ability (u) of the isoprinosine on the metal surface, the lower its
inhibition efficiency. Among the inhibitors, dimethylamino-
propanol has the lowest electron accepting ability and, hence,
the lowest inhibition effect. The work function of aluminum is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 AFM for Al after immersion 0.5 M NaOH in the absence (a) and presence (b) of 0.0112 M of isoprinosine inhibitor.

Table 4 Isoprinosine electronic chemical potential 4, chemical hardness h, global electrophilicity u and global nucleophilicity m

Species HOMO LUMO D3 h S 4 m u DNmax DNBD

Dimethylaminopropanol −6.201 −0.851 5.349 2.674 0.373 3.526 −1.245 0.807 0.146 −1.047
Acedoben −5.983 −1.241 4.742 2.371 0.421 3.612 −1.9325 0.583 0.288 −1.2187
Inosine −5.461 −1.851 3.609 1.807 0.554 3.656 −2.125 0.620 0.188 −1.277
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4.28 eV.72 The work function is the amount of energy necessary
to transfer an electron from a solid to a location outside the
solid's surface. Furthermore, the maximum number of elec-
trons transferred (DNmax) value was obtained using eqn (6):

DN ¼ ðfAl � finhÞ
ðhAl þ hinhÞ

(6)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where fAl and finh are the work functions of the metal and the
isoprinosine, respectively, hinh is the hardness of the iso-
prinosine, and hAl was assumed to be zero since the ionization
potential of the metal is equal to its electron affinity. A positive
DN value indicates that the isoprinosine donates electrons to
the surface of aluminum, whereas a negative DN value implies
that the isoprinosine accepts electrons from the surface of
RSC Adv., 2024, 14, 11244–11257 | 11251
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aluminum. The dipole moment (D) of the isoprinosine mole-
cule reects its ability to polarize the electric double layer and
enhance its adsorption on the metal surface. A higher D value
implies better corrosion inhibition performance. The computed
values of DN and D are shown in Table 4. Table 4 showed,
highest DN value for dimethylaminopropanol than other
components. That means that it acts as an electron donor to the
Al surface. The return of donating electrons from metal to iso-
prinosine is referred to as “DEBack-donation”, which determine
binding interaction of isoprinosine with metal surface. iso-
prinosine molecule has high DEBack-donation, can have strong
penetration ability, and increases inhibition efficiency. The
negative values of (DEBack-donation) suggested that the electron
follows frommetal to isoprinosine to be energetically favorable.
This suggests that isoprinosine has a strong polarizing effect on
the electric double layer and forms a stable adsorption layer on
themetal surface. Thus, based on these theoretical calculations,
it can be considered an effective corrosion inhibitor for Al.

3.6.2. HOMO–LUMO and MEP (electrostatic potential
map). The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) play a crucial role
in determining the chemical behavior of a molecule. HOMO
and LUMO are localized on the overall molecular skelton
dimethylaminopropanol and acedoben. Consequently, these
orbitals are distributed around the purine ring of Inosine
Fig. 8 HOMO, LUMO and ESP at DFT; BCP, RCP and RDG using AIM th

11252 | RSC Adv., 2024, 14, 11244–11257
(Fig. 8). The plot of HOMO shows that the positive and negative
regions are spread all over the molecule. The detecting corro-
sion efficiency is explained by the charge transfer interaction
between the molecules and the Al surface. MEP is a signature
for the polarization of the outer electrons and the distribution
of those electrons in relation to the molecular environment's
reactivity and ability to interact with H-atoms. Additionally, it
provides complete information on electrophilic and nucleo-
philic chemical locations. As a result, we can graphically
determine the statistical polarity, through variations in color in
Fig. 8, which served to distinguish the polar (“−” charge as red
color) and nonpolar (“+” charge as blue color) molecular zones.
It was found that the green area's potential fell halfway between
the dual red and blue. Red, yellow, blue, and green emerge in
ascending order when the color distribution on MEP changes
(Fig. 8). The electron distribution revealed that, depending on
their size and structure, isoprinosine molecules may bind to
metal ions. Fig. 8 demonstrated how the oxygen in dimethyla-
minopropanol, C]O, acedoben, and inosine, as well as their
OH groups, increased the electrophilicity impact. Isoprinosine's
nucleophilicity was activated by the blue highlight that covered
the substance's hydrogen atoms.

3.6.3. Topology estimation. Fig. 8 shows the topological
study of the atoms in the molecule, which was used to learn
more about the type of intramolecular interactions in the
eory.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) 3D-representation of the Rk molecular map of reactivity of cation, anion and neutral; for compounds for Isoprinosine, Rk > 0,
correspond to electrophilic centers, while Rk < 0, corresponds to nucleophilic centers; (b) EDD and HDD profiles for the excited state.
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isoprinosine component. The existence of a bond critical path
(BCP), which Atoms in Molecule (AIM) analysis interprets as
blue dots, assures the bond between the atoms. Fig. 8 displays
BCP formed in acedoben at (O1/H18) and inosine (O19/H30,
N14/H22 and N14/H26), respectively. While the ring critical
path (RCP; blue surface) formed in the benzene ring of acedo-
ben and the purine ring of Inosine. The nature of bonds can be
described by the total electron density p(r) and its Laplacian
(V2p(r)). The total electron density can be written as shown in
eqn (7):

1

4
V2pðrÞ ¼ GðrÞ þ gfrg (7)

where G(r) and V(r) are the kinetic and potential energy densi-
ties at critical points, respectively. The bond's strength can be
inferred from the signs of V2p(r) and G(rBCP)+V(rBCP). If both are
positive, the bond is weak. The ratio G(rBCP)/V(rBCP) suggests
that the hydrogen bond is non-covalent.73

3.6.4. Non-covalent interactions (NCI). A variety of inter-
actions, such as electrostatic, covalent, and non-covalent ones,
have an impact on the structural characteristics of the iso-
prinosine's constituents. Non-Covalent Interactions (NCI) may
be found using Reduced Density Gradient (RDG) analysis, and
their strength is shown as dashed lines. We applied the RMSD
score to generate several structural poses. The sign and
magnitude of this score indicate the type and strength of the
interactions between the molecules. Hydrogen bonds have big
© 2024 The Author(s). Published by the Royal Society of Chemistry
negative values, repulsive interactions have large positive
values, and weak van der Waals interactions have values close to
zero. The sign (l2) values also reveal the nature of the bonding.
Fig. 8 illustrates molecules with weak van der Waals contacts
(green isosurfaces) in acedoben and inosine, respectively, as
well as hydrogen bonding between N14/H26 and O19/H30 in
inosine (blue isosurface sign (l2)r value almost (−0.010).74

3.6.5. Electron excitation analysis based on the electron
and hole density distribution. The idea of multi-molecular
orbital excitation is provided by the distribution of electrons
and total density, and this excitation state's characteristics are
made obvious for receptors and the receptor anions that
correspond to them. The characteristics and electrical structure
of the isoprinosine molecule may be understood by examining
the electron and overall density distribution. One way to study
how molecules interact and bind with each other in receptor-
ligand and metal–ligand systems is to use the data from the
electronic transitions. These transitions involve the movement
of an electron from a lower to a higher energy molecular orbital
(MO) within the molecule. The higher energy MO represents the
state where the electron is shared between two parts of the
molecule in a single electron transfer process. The ground state
MO and the excited state MO have different characteristics,
which can be seen by comparing the electron density distribu-
tionmaps of photo-excited states. The energy level of the excited
state, the kind and location of the excited electrons, and the
extent of electron delocalization are all indicated by these maps,
RSC Adv., 2024, 14, 11244–11257 | 11253
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Table 5 Binding energy of MD simulation in kcal mol−1 for iso-
prinosine against Al surface

Dimethylamino
propanol Acedoben Inosine

Total energy 0.551 55.576 11.167
Adsorption energy −392.440 −21978.4 −33805.34
Rigid adsorption energy −3.4205 −7.863 −7.170
Deformation energy −389.019 −21970.54 −33798.17
dEad/dNi −392.440 −21998.4 −33825.34
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which also depict how the electrons are distributed spatially
within the molecule. The density distribution maps of electrons
(rele(r)) and holes (rhole(r)) can be utilized to examine the electron
and overall density distribution (EDD and HDD) of a molecule.
These maps are calculated by the following equations, which
show the transition of an electron from an occupied MO(i) to
a virtual MO (j) using the molecular orbital (MO) wave function
(F) and the conguration coefficient (w):30 rele(r) =

SiwiFi(r)
2Fj(r)

2, rhole(r) = SiwiF. The EDD map in Fig. 9 reveals
a thicker surface on the N atom of dimethylaminopropanol, the
O atom of C]O in acedoben, and the N-atom of pyrimidine in
inosine, suggesting that these areas have a greater electron
density. Conversely, the HDD map displays a denser surface on
the O, phenyl, and purine rings for dimethylaminopropanol,
acedoben, and inosine, respectively, signifying a larger hole
density.

3.6.6. Local DFT reactivity indices of reactants. The species'
most electrophilic and nucleophilic sites can be determined by
looking up the local reactivity difference index (Rk) for a partic-
ular reaction. By converting the spin electron density from
nucleophile to electrophile, GEDT (Global Electron Density
Transfer) processes provide nucleophilic/electrophilic Parr
functions that can be used to assess the local reactivity inside
Fig. 10 Mechanism of adsorption of isoprinosine on aluminum surface.

11254 | RSC Adv., 2024, 14, 11244–11257
polar systems. By dening the local reactivity of the species
involved in a reaction, the Rk and GEDT techniques can offer
insights into the system's overall reactivity. The Rk molecular
map of reactivity (RMMR) for the chosen cation, anion, and
neutral of dimethylaminopropanol, acedoben, and inosine is
illustrated in three dimensions in Fig. 9. The illustration also
displays the electrophilic pk

+ Parr function and the nucleophilic
pk

− function. The RMMR and Parr functions help identify the
most electrophilic and nucleophilic centers of the molecule,
which reveal important information about the system's reac-
tivity. Based on the Rk values given, the N(CH3)2, phenyl, and
pyrimidine rings are the electrophilic activation centers for
dimethylaminopropanol, acedoben, and inosine, respectively.

3.6.7. Molecular dynamic simulations. An analysis of the
isoprinosine-Al surface interaction using molecular dynamic
(MD) modeling was carried out (Fig. S3†). Before beginning the
adsorption procedure, the optimization geometry for the iso-
prinosine components was carried out. Using an adsorption
locator model, the ideal adsorption location for an inhibitor
molecule to adhere to an aluminum surface was found. The
perfect adsorption site's lowest computed energies
(in kcal mol−1) are shown in Table 5. These energies include the
total energy (the energy of the substrate-adsorbate system), the
rigid adsorption energy (the energy of the inhibitor components
that do not change their shape when adsorbed on the
aluminum), the deformation energy (the energy of the inhibitor
components that adjust their shape when adsorbed on the
metal), the adsorption energy (the sum of the rigid and defor-
mation energies), and the metal-inhibitor energy (dEads/dNi)
(the change in adsorption energy when one isoprinosine
molecule is removed). The binding energy is the negative value
of the adsorption energy. Fig. S3† shows the calculated energies
for the inhibitors/Al (1 1 0) surface, including total energy,
average total energy, van der Waals energy, electrostatic energy,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and intramolecular energy. All of the isoprinosine's compo-
nents displayed coplanar conformation when the structure was
stable. Inosine and dimethylaminopropanol were stabilized on
the Al (1 1 0) surface in parallel mode, with acedoben placed in
perpendicular mode to improve surface contact and protection.
Additionally (Table 5), includes a list of the adsorption and
binding energies for isoprinosine against the Al (1 0 0) plane.
Acedoben > inosine > dimethylaminopropanol are the order of
the adsorption energy. The tested inhibitor's N and O lone pairs
donate their electrons to the surface of the aluminum atoms' d-
orbitales, forming a stable coordination interaction (inhibitor
/ Al) (Fig. 10). Fig. 10 shows how the C]O and OH groups of
isoprinosine can allow for the adsorption of both inhibitors
onto the aluminum surface. Consequently, it will prevent an
aluminum surface from interacting with the basic solution.
4. Conclusions

Isoprinosine inhibits the corrosion of aluminum, and its
impact is concentration-dependent. Isoprinosine adheres to the
Langmuir isotherm when adhering to aluminum surfaces in
NaOH (0.50 M) solution. Isoprinosine's adsorption on the
surface of aluminum causes conduct inhibition, which prevents
charge and mass transfer and shields aluminum from corrosive
ions. The theoretical calculations agree with the results of the
empirical experiments. DFT analysis was utilized to gain
a deeper understanding of the electronic structural factors that
affect inhibitory efficacy. According to the calculated energy
gap, this molecule is stable and has undergone charge transfer.
FMO, MEP and Fukui ngerprint are gured, which indicates
the charge transfer takes place from isoprinosine to aluminum
surface. A molecular dynamic simulation was used to investi-
gate the corrosion inhibition efficiency and the inhibition
mechanism.
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