2-(4-fluorobenzyl) chromeno [2,3-c] pyrozol-
3(2H)-one as copper corrosion inhibitor in
HNO3 : gravimetric and quantum chemical
investigation methods

ABSTRACT

The use of organic compounds as corrosion inhibitors has become a principal
means of protecting metal equipment in industrial applications. This work therefore
set out to evaluate the inhibiting properties of 2-(4-fluorobenzyl) chromeno [2,3-c]
pyrozol-3(2H)-one for copper corrosion in 1M nitric acid solution. These properties
were investigated using gravimetric method and quantum chemical calculations.
Inhibition efficiency increased with temperature, inhibitor concentration and
immersion time. Adsorption of this molecule on copper surface occurs according to
Langmuir isotherm, while the thermodynamic parameters of absorption and kinetics
prove that adsorption is spontaneous and dominated by chemisorption. Quantum
chemical parameters derived from density functional theory (DFT) revealed that
there is a strong interaction based on electronic exchange between the inhibitor and
copper. Global and local reactivity parameters such as highest occupied molecular
orbital energy, lowest unoccupied molecular orbital energy, energy gap, Fukui
functions and dual descriptor were used to understand the molecule-metal interface
and to design more appropriate organic corrosion inhibitors. Theoretical results
proved to be consistent with the experimental data obtained.
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1. INTRODUCTION

The need to find inexpensive, non-toxic and effective corrosion inhibitors has become a
concern in industrial sector [1,2]. Indeed, metal destruction during acid pickling operations
leads to high maintenance costs in many companies [3,4].These maintenance costs often
extend to the replacement of corroded metal equipment. In addition, copper's good electrical
and thermal conductivity and ease of soldering make it widely used in industry, construction,
electrical installations and water pipes [5].This metal often undergoes significant corrosion,
compromising its durability and efficiency in practical applications. Use of corrosion inhibitors
is a means of protecting these metal equipment to ensure their longevity [6,7]. Corrosion
inhibitors must be added in low concentrations to corrosive media [8]. Their role is to modify
the corrosive environment in which pickling operations take place, making them less
corrosive. This modification helps to reduce metal dissolution in the medium. However, the
application time, cost and toxic nature of certain compounds limit their use [9]. Several
organic and inorganic compounds have been studied as inhibitors [10,11]. But recent
research suggests that organic compounds with heteroatoms in their structure, such as
nitrogen, sulfur, oxygen, phosphorus and aromatic rings with 1-bonds, may retard copper
dissolution during acid pickling operations [12-14]. Computational chemistry based on




density functional theory calculations (DFT) has shown in recent years that the inhibition
activity of these organic compounds depends on the heteroatoms and 1r-bonds present in
their molecular structure [15-17]. In fact, experimental methods indicate protection but do not
explain the protection procedure. In a bid to explain the inhibition mechanism, DFT method
has recently been called upon for its high degree of accuracy. This method permits to
establish a satisfactory correlation between the molecular properties of inhibitors and their
corrosion-inhibiting efficiency. The results of this research will not only enrich our
understanding of corrosion inhibition mechanisms, but also contribute to the synthesis of
new, environmentally-friendly corrosion inhibitors capable of prolonging the life of copper
components in corrosive solutions.

The aim of the present study is to establish a correlation between the theoretical molecular
properties of 2-(4-fluorobenzyl) chromeno [2,3-c] pyrozol-3(2H)-one and its experimental
inhibition activity in copper corrosion in 1M HNOs medium. The molecular structure of this
compound is shown in Fig. 1.
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Fig 1: Molecular structure of 2-(4-fluorobenzyl) chromeno [2,3-c] pyrozol-3(2H)-one
(FCP)

2. EXPERIMENTAL TECHNIQUES

2.1 Mass Loss Method

Experimental technique used in this work is mass loss. This technique involves soaking a
copper sample in nitric acid for a given period of time.

Using commercial acid with the following characteristics: purity, P = 69%, density, d=1.41
and molar mass M = 63, 01 g.mol. A 1M blank solution was prepared from this commercial
solution. From FCP powder, four concentrations of 0.08mM; 0.15mM; 0.3mM and 0.6mM
were prepared using 1M nitric acid as the blank solution.

Copper samples of 99.6% purity, cylindrical in shape, 1cm length and 0.25cm in diameter,
were first polished with 100 to 1200 grit abrasive paper. They were then rinsed with distilled
water and washed in an acetone solution. An oven maintained at a temperature of 80°C was
used to dry the samples for 20 minutes. On removal from the oven, each sample was
weighed (m1) using a precision balance: + 0.1 mg. Each sample is then immersed in 50 ml of
1M nitric acid corrosive solution with or without FCP inhibitor. After two hours of immersion
at a constant temperature in a thermostated bath, each sample is removed from the solution,
rinsed thoroughly with distilled water, dried and then reweighed (m:). The different
temperatures set during the experiment range from 298K to 338K.

The quantities that are corrosion rate (W), the rate of surface coverage (8) and the inhibition
efficiency (IE) were calculated from the expressions below [18,19]:
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ma1 and m: are respectively, the mass (g) before and after immersion in the solution test
s is copper sample total surface and t is the immersion time ;
W, and W; are respectively copper corrosion rate in absence and presence of FCP

2.2 Theoretical calculations

The theoretical approach used was density functional theory (DFT). This theory was used to
explain FCP inhibition activity on copper surface. DFT calculations were performed using
Gaussian-09 program [20]. Exchange correlation was performed using B3LYP hybrid
functionals (three-parameter Beckes with Lee-Yang-Parr hybrid correlation functional)
combined with the 6-31G (d,p) basis set [21,22]. The molecular structure was geometrically
optimized using this functional and in 6-31G (d,p) basis set. All these calculations were
performed in gas and aqueous phase. All these calculations were carried out in the gas and
aqueous phases. Consequently, the parameters that describe global reactivity, such as
highest occupied molecular orbital energy (Ewnowmo), lowest unoccupied molecular orbital
energy (ELumo), energy gap (AE), dipole moment (u), total energy (ET), electron affinity (A),
the ionization energy (l), electronegativity (x), hardness (n), softness (o) and electrophylicity
index (w), fraction of electrons transferred (AN) and electron acceptor (w*) and electron
donor (w™) indices have been deduced from Ey, and Ejg,. Local reactivity parameters such
as Fukui functions and the dual descriptor were calculated in order to identify likely attack
sites.

3. RESULTS AND DISCUSSION
3.1 Experimental results analysis

3.1.1 Combined effect of temperature and concentration on inhibition efficiency

The combined effect of temperature and concentration on inhibition efficiency (IE) is shown
in Fig. 2.
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Fig 2: Effect of temperature and concentration on FCP inhibition efficiency

Fig. 2 examination reports that FCP inhibition efficiency (IE) increases with increasing
reaction medium temperature and inhibitor concentration. These observations mentions that
metal surface coating thickens as FCP concentration and temperature evolve. This coating,
which results from the formation of a complex between FCP and metal, is deposited more
and more on copper surface to reduce its dissolution as temperature and concentration
increase. These data reveal that the combined action of temperature and concentration
describes the evolution of the inhibition efficiency of the compound studied. Similar reports
were found in the literature [23,24].

3.1.2 Immersion time effect

Immersion time effect is described by Fig.3, which indicates that FCP inhibition efficiency
increases with immersion time. In fact, for a given temperature, FCP inhibition efficiency of
6h immersion time is higher than that of 4h, 2h and 1h immersion times. These results certify
that the layer that attaches to metal surface becomes more compact with increasing time
and temperature. In this case, FCP is able to provide protection as time and temperature
increase.
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Fig 3. Effect of immersion time on inhibition efficiency

3.1.3 Activation kinetic parameters

Temperature influence on the corrosion process provides access to the activation
parameters. The dependence of the corrosion rate on the temperature of reaction medium is
defined by Arrhenius relation. This relationship, expressed as follows, can be used to
calculate the activation energy (E,) [25].

W = Aexp(— Ii—;) 4)

As for the alternative formula of Arrhenius equation, it can be used to determine activation
enthalpy (AH,;) and activation entropy (AS,). Its expression is as follows [24]:
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Where: A is the frequency factor, R is the universal gas constant, T is the absolute

temperature, N,: Avogadro number , h : Planck’s constant.

Fig. 4 indicates the activation energy, while Fig. 5 shows the enthalpy (AH;) and activation

entropy(AS,).
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The values of these different activation parameters are recorded in Table 1.
Table 1. Activation parameters
Cinh E, AS, AH E,— AH,
(mM) (kJ.mol'Y)  (J.molt K?) (kJ.mol?) (kJmol™)
0 35.96 -170.16 33.33 2.63
0.08 35.68 -173.65 33.00 2.68
0.15 31.19 -190.58 28.55 2.63
0.3 23.89 -216.33 21.26 2.63
0.6 16.41 -243.97 13.77 2.64




Activation energy (E,) in FCP absence is higher than E, values in FCP presence. This drop
in activation energy in FCP presence confirms the formation of Cu-FCP complex on metal
surface. These data reveal that FCP addition in corrosive medium promotes the reduction of
copper corrosion in the said medium [26].

Table 1 inspection reveals that AH; values are positive, indicating that copper dissolution
process is endothermic. The negative values of AS; which decrease as FCP concentration
increases mention that the complex formation reduces the disorder created by water
molecules desorption [25]. The difference in E, — AH; is constant for all concentrations,
revealing that E, and AH; vary in the same way suggests that copper dissolution process
and adsorption occur on surface and this adsorption is dominated by chemisorption [27].

3.1.4 Thermodynamic adsorption parameters

FCP adsorption properties on copper surface were described by thermodynamic adsorption
parameters. These parameters were deduced from a suitable adsorption model.

The search for a suitable model was carried out by fitting experimental results to several
models including Temkin, El-Awady, Langmuir and Freundlich. Langmuir model is the most

appropriate, as it has correlation coefficients closer to unity. The expression of this isotherm
is written as follows [28]:
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Fig. 6. Langmuir isotherm representation

This model states that FCP adsorbs to copper surface by a single layer and interactions
between adsorbed particles are negligible [28]. Adsorption enthalpy(AGY,,) was calculated
from the adsorption equilibrium constant. Regarding adsorption enthalpy (AH?,.) and
standard adsorption entropy (AS2;), they were deduced from the evolution of AG,;, as a

ads
function of temperature. The following expressions are used to calculate these quantities

[29]:

Angs = —RTIn(55.5K,45) @)
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R : Universal gas constant ;

T : Absolute temperature ;

55.5: the concentration of water (in mol/L) in the solution.

K,qs Values (adsorption equilibrium constant) are deduced from the equations of
the straight lines obtained from the Langmuir isotherm.

The intercept and the slope of the straight line obtained in Fig. 7 give AS2;, and AHZ,,
values respectively. The various values of these Thermodynamic adsorption parameters are
listed in Table 2.
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Table 2. Thermodynamique adsorption parameter values

T(K) K g5 Angs AHgds Asgds
(M) (kJ mol™") (k] mol™") (J mol 1K™ 1)

298 4446.42 -30.78

303 4928.54 -31.52

308 6082.73 -32.58 30.85 206.4

318 14388.49  -35.91

328 1517451  -37.19

338 17182.13  -38.67

Table 2 Analysis indicates that K,;; values are high, indicating a strong FCP adsorption on
copper surface [17]. Which adsorption confirms the good inhibition performance obtained
experimentally. AG?,, .Values obtained suggest that both chemical and physical adsorption
are involved in FCP action on copper surface [30,31]. This adsorption is spontaneous and
promotes a stable layer. AH2,, positive values denote that the process of setting up this
layer is endothermic [32]. The increase in disorder during the process of FCP adsorption on
copper is evidenced by the positive AS2, value. This disorder results from water molecules
desorption on copper surface [32].

3.2 Correlating experimental and theoretical data

The optimized structures of neutral (FCP) and protonated (FCPH*) forms are shown in Fig.
8.
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Fig. 8. Optimized structure of neutral FCP(a) and protonated FCPH" (b)

The quantum chemical parameters obtained from B3LYP functional and in 6-31G(d,p) basis
set are reported in Table 3.

Table 3. Global reactivity parameters of neutral FCP and its protonated form

Quantum chemical parameters FCP FCPH*
Erowo (eV) -5.7199 -5.6923
ELumo (eV) -2.6738 -2.7179
Energy gap AE (eV) 3.0461 2.9744
Dipole moment p (D) 5.2806 5.9578
lonization energy | (eV) 5.7199 5.6923
Electron affinity A (eV) 2.6738 2.7179
Electronegativity  (eV) 4.1969 4.2051
Hardness n (eV) 1.5230 1.4872
Softness (o) (eV)? 0.6566 0.6724

Fraction of electron transferred AN  0.2571 0.2605



Electrophylicity index o 5.7824 5.9450

Electroaccepting power w* 3.8742 4.0284
Electrodonating power w™ 8.0711 8.2335
Total energy Et (Ha) -1013.9580 -1014.6734

Quantum chemical parameters derived from DFT calculations help explain the relationship
between the inhibition efficiency of an inhibitor and its electronic structure [33].

Indeed, the high value of Enomo obtained suggests a high capacity of FCP to donate
electrons to metal, which is a suitable receptor. On the other hand, the low value of ELumo
obtained stipulates that FCP can receive electrons from the metal [34,35]. Furthermore, the
energy difference between LUMO and HOMO (AE = EvLumo - Enomo) called energy gap is a
factor that informs about the reactivity of a molecule [36]. In this study AE is lower, justifying
the good inhibition performance of FCP obtained experimentally.

The organic compound studied contains isolated electron pairs of oxygen (O) and nitrogen
(N) atoms in its structure. Thus the molecule can donate electrons to the vacant low-energy
d orbital including Cu?* ions. Copper metal in an acidic medium oxidizes and releases
electrons to the molecule. This process of electron donation and acceptance promotes the
formation of a Cu-FCP complex on metal surface. This complex reduces metal corrosion.

FCP dipole moment (u) increases with its protonated form, in which case the molecule
adsorbs more strongly to copper surface [37].

The ionization potential (I) and electronic affinity (A) are obtained from the following
relationships [38]:

I = —Enomo 9)
A =-ELumo (20)

The magnitude values | and A indicate FCP is capable of giving and receiving electrons
from copper.

As for softness (o) and global hardness (n) obtained using the following relationships
respectively [38]:

I-A

n=- (11)

g=>=-"2 (12)
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These values mention that the molecule has a high softness value and a low hardness
value. These results confirm that the molecule is highly reactive and can easily donate
electrons to copper. Which reactivity justifies the good experimental values.

Parameters such as the electronegativity (y) of FCP and the Fraction of electron transferred
(AN) are expressed as follows [39]:

x=- (13)

AN = Xcu—Xinh (14)
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The calculations were performed using the following theoretical values:
Xeu = 4.98 eV [40] et n., = 0 [40].

Copper electronegativity (4.98 eV) is greater than that of the neutral molecule (4.1969 eV)
and of the protonated form (4.2051). In this case, the electron-attracting effect of copper is
higher than that of FCP. Then FCP electrons are therefore attracted to copper. Moreover,
the fraction of electrons transferred is greater than zero (AN >0), confirming the flow of
electrons from FCP to copper. This movement of electrons towards copper leads to the
formation of covalent bonds. These bonds enable the compound to bind easily to the metal
surface.

The electrophilicity index (w) can be calculated using the following expression [41]:

2 2
_Hp _ (+4)
T 2n a(1-A) (19)

The electron acceptor (w*) and electron donor (w™) indices are respectively calculated from
the following relationships [41,42]:

+ _ (1+34)?
T 16(1-4) (16)
- _ (31+4)? 17
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The ability of an organic compound to donate or receive electrons also depends on its
electrophilicity index. In this study, the high value of w attests that FCP is a good electrophile
and has a good capacity to accept electrons from copper [43]. Furthermore, we observe that

P
L to ~ Eyo for both forms, revealing that FCP possesses a good ability to donate
electrons to copper.

The good inhibition capacity obtained experimentally is based on the donor and acceptor
abilities possessed by the molecule studied. Which molecule is more reactive on its
protonated form.

3.2 FCP electron gain and loss sites

The molecule gains electrons from LUMO orbital (Fig 9) and loses electrons from HOMO
orbital.
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Fig 9. HOMO and LUMO orbitals

The parameters that identify these sites of reactivity are the Fukui functions (f,} , f ) and
dual descriptor (Af, (r). Fukui functions are expressed as follows [44]:

e Nucléophilic attack f;7 = qx(N + 1) — g, (N) (18)

e Electrophilic attack f; = qx(N) — g, (N — 1) (29)
Where q,(N + 1), g, (N) et g, (N — 1) are the electronic population of atom k in (N + 1), N
and (N — 1) electrons systems. N is the number of electrons in the neutral species,when
(N + 1) corresponds to an anion with an electron added to LUMO of molecule and (N — 1)
is the cation with an electron removed from HOMO molecule.
Dual descriptor Af; (r) is expressed as follows [45,46]:

Afi () = fif — f (20)

Table 4 presents the values of Mulliken charges, the Fukui functions and the dual descriptor.

Table 4. Local reactivity parameters

atoms qx(N +1) qx(N) qe(N — 1) fi fi Afy(r)
1C -0.004173 0.076223 0.136997 -0.080396 -0.060774 -0.019622
2C 0.00616 -0.159769  -0.033103 0.165929 -0.126666 0.292595
3C -0.003792 0.340401 0.044013 -0.344193 0.296388 -0.640581
4 C 0.001878 0.073372 -0.070648 -0.071494 0.14402 -0.215514
5C -0.002965 -0.153374  0.190708 0.150409 -0.344082 0.494491
6 C 0.003624 -0.088499  -0.072346 0.092123 -0.016153 0.108276
7 C -0.007188 -0.101043  0.41632 0.093855 -0.517363 0.611218
8 C -0.002245 -0.003098  0.025972 0.000853 -0.02907 0.029923
9C 0.026392 0.580425 0.021723 -0.554033 0.558702 -1.112735
10 H 0.000151 0.110618 -0.00695 -0.110467 0.117568 -0.228035
11 H -0.000256 0.12029 0.000969 -0.120546 0.119321 -0.239867



12 0.000127 0.111545 -0.008887 -0.111418 0.120432 -0.23185

H

13 H  -0.000148  0.105153  0.002465 -0.105301  0.102688  -0.207989
14 H  0.000242 013806  -0.018857  -0.137818  0.156917  -0.294735
15 O 0.010827  -0.559941  0.014555 0.570768  -0.574496  1.145264
16 C  0.00252 0.573488  0.151196 -0.570968  0.422292  -0.99326
17 N 0.009915  -0.346909  0.090696 0.356824  -0.437605  0.794429
18 N 0.128765  -0.346227 -0.024047  0.474992  -0.32218  0.797172
19 O 0.021922  -0.508647  0.118353 0.530569  -0.627 1.157569
20 C 0781676  -0.322163  0.028442 1.103839  -0.350605  1.454444
21 C 0022046  -0.017681 -0.001296  0.039727  -0.016385  0.056112
22 C  -0.006078  -0.159432 -0.000736  0.153354  -0.158696  0.31205

23 C 0007757  0.337906  -0.000083  -0.330149  0.337989  -0.668138
24 C 0020226  -0.143659 -0.001074  0.163885  -0.142585  0.30647

25 C 0012082  -0.084937  0.000672 0.097019  -0.085609  0.182628
26 C  -0.01275 -0.030656  0.001452 0.017906  -0.032108  0.050014
27 H 0001417  0.129814  0.000071 -0.128397 ~ 0.129743  -0.25814
28 H 0000488  0.100229  -0.000099 ~ -0.099741  0.100328  -0.200069
29 H 0000838  0.098956  0.000301 -0.098118  0.098655  -0.196773
30 H  -0.000369  0.091602  -0.00022 -0.091971  0.091822  -0.183793
31 F 0001679  -0.291247  0.000006 0.292926  -0.291253  0.584179
32 H -0.015552  0.223437  0.00175 -0.238989  0.221687  -0.460676

H

33 -0.005214 0.258209 -0.008315 -0.263423 0.266524 -0.529947

Table 4 analysis indicates that carbon C(9) has the highest value of f,; and the lowest value
of Af,(r).This atom represents the probable site for receiving electrophilic attacks. The
probable site for receiving nucleophilic attacks is governed by atom C(20), which has the
highest values of fit and Af,(r). The molecule could receive electrons from Cu?* ions at
C(20) center belonging to LUMO zone. It could also donate electrons to the unoccupied
copper d orbital through C(9) atom, center belonging to HOMO zone. These exchanges
reinforce the interactions between copper and FCP, resulting in the formation of a physical
barrier (Cu-FCP) that prevents direct contact between the metal and the corrosive medium
[46].

CONCLUSION
This work led to the following conclusions:

« FCP exhibits good inhibition of copper corrosion in 1M nitric acid. Its inhibition
efficiency increasing with concentration, reaction medium temperature and
immersion time.

« Activation kinetics parameters reveal the formation of a Cu-FCP complex on copper
surface. This complex reduces copper dissolution in the medium studied.

« The difference in E, — AH; is constant, indicating a surface adsorption reaction
dominated by chemical adsorption.

« This surface adsorption is consistent with Langmuir isotherm model. It is

spontaneous, endothermic and increases disorder.



R/

% Quantum parameters calculated using DFT reveal that FCP inhibition performance
obtained by gravimetric tests is due to electron exchange between FCP molecule
and copper. The carbons C(9) and C(20) are responsible for these electron
exchanges. The protonated form of the molecule is the most reactive.

« Finally, there is good agreement between experimental and theoretical data.
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