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ABSTRACT

The inhibition effect of 1,5-dibenzyl-1H-pyrazoldai]pyrimidine-4(5H)-thione“MF1"was estimated othe
corrosion of mild steel in 1.0 M HCI solution usiagight loss, Electrochemical Impedance Spectros¢afS),
Tafel polarization curves and theoretical calcubstimethods. The results of the polarization cushesw that the
corrosion current density decreases 57iz/dcnfto 38.5uA/cnfafter addition of the inhibitor. The charge transfe
resistance increases 21.08 ohnfmm02.2 ohm.chin the electrochemical impedance spectrum aftefitazh of
oil of the inhibotor.Potentiodynamic polarizatiorurges show that 1,5-dibenzyl-1H-pyrazolo[3,4-d]pyidine-
4(5H)-thione act as mixed type inhibitor. The agimn of inhibitors obeys the Langmuir adsorptigsotherm, and
the thermodynamic parameters,(K,qs 4G%ads) were calculated and discussed. Quantum chémadeulations
showed that the inhibitor has the tendency to begmated in the acid and the results agree witheexpental
observations.

Key words: corrosion, inhibition, mild steel,1,5-dibenzyl-1H+azolo[3,4-d]pyrimidine-4(5H)-thione,
electrochemical system, HCI 1M, DFT.

INTRODUCTION

Acid solutions are generally used for removal odiesirablescale and rust on the metals, cleanibgitédrs and heat
exchangers, oil-well acidizing in oil recovery, asm on. [1-4]. HCI solution is one of the most W§desed agents
for these goals. However, iron and its alloys cduddcorroded during these applications which raaudt waste of
resources. Corrosion prevention systems favor sieeofichemicals with low or no environmental imgact

The reduction in the corrosion rate of metals hamerous advantages such as saving of resourcesoragn
benefits during theindustrial applications, incregsihe lifetime of equipment and decreasing thedligion of

toxic metals from the components into the environin&herefore, the prevention of metals againstsion is vital

and must be dealt with. Commercial inhibitors aeneyally inorganic and some kind of organic compuisun
However, the usage of some of them has been testriltie to the toxicity of their insufficient inhibiy efficiencies

at low dosages [5—7]. In recent years, considerafileunt of efforts have been devoted to find ndwedlthy and

efficient corrosion inhibitors. The use of organidibitors is one of the most practical methodsfotection of

metals against corrosion, and is becoming incrgaspopular according to recent studies.
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The existing data show that organic inhibitors lactadsorptionand a film formation on the surfacenetals. The
adsorption of organic inhibitors on the metal scefaan change the corrosion resistance propeftiestals. Earlier
studies have shown thatorganic compounds beariteydagoms with high electron density such as phosgh
sulfur, nitrogen, oxygen or those containing mudtijponds, which are considered as adsorption censee
effective inhibitors for the corrosion of metalsi®}. The organic inhibitors are generally adsorbedthe metal
surface through physical adsorption or chemicabgaton, which reduce the reaction area susceptibErrosive
attack [16-18].

MATERIALS AND METHODS

2.1. Inhibitors
1,5-dibenzyl-1H-pyrazolo[3,4-d]pyrimidine-4(5H)-timewas dissolved in the blank medium HCI| 1M randing
concentrations from 1M to 10°M.

» Synthesis and crystallization

3.32 g (10 mmol) of 1,5-dibenzyl-1H, 4HHSpyrazolo [3,4-d] pyrimidin-4-one is refluxed in gigine (30 ml) with
5.55 g (25 mmol) of phosphorus pentasulfide for. ZHren the solvent was evaporated under reducesgymex The
precipitate that formed was washed with hot wateretmove residual dimerized:32 until colourless filtrate was
noted. The solid was re-crystallized from ethancéfford the titte compound as yellow crystals [@ie€85%;m.p. =
563 K) [19-21].
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Figure 1:1,5-dibenzyl-1H-pyrazolo[3,4-d]pyrimidine-4(5H)-thione

« |dentification

Yield = 85%; mp: 160°C. 1H NMR (DMS@6) 6 ppm: 3.25 (2H, s, CH2); 3.78 (2H, s, CH2); 6.8327(q,
10HAr); 8.21 (1H, s, CH), 8.89 (1H, s, CH). 13C NMBMSO-d6) sppm: 51.83 (CH2); 54.31 (CH2); 118.24;
127.94 (Cq); 128.11-137.89 (CHAr); 145.54 (CH)O 25 (CH); 179.82 (Cq, C=S). HRM (ESI) [M + H]: m#z
310.

2.2.Materials

Tests were performed on a cold rolled steel (CRSh®e following composition (0.09%P; 0.38% Si; 01Al;
0.05% Mn; 0.21% C; 0.05% S and the remainder im@je polished withemery paper up to 1200 gradehads
thoroughly with double-distilled water, degreaseithwARgrade ethanol, acetone and dried at room ¢ézatpre.
MS samples of size 1.0 x 1.0x 1.0 cm and MSpowdsewsed for weight loss studies. For electrochalnsitidies,
specimens with an exposedarea of  wrare used. These specimens were degreased ultaowith 2-propanol
andpolished mechanically with different gradesrokey paper to obtain very smooth surface.

2.3.Solution

The test solutions were prepared by the dilutioaradlytical grade 37 % HCI withdistilled water upthe optimum
inhibitor concentration ofMF1” . For pHstudies, the test solutions were prepayetthé dilution of distilled water

up to theoptimum concentration, which was reachgdadjusting the pH using HCI andNaOH.Inhibitor was
dissolved in acid solution at required concentratian (Mol/L) and the solution in the absence diiliitor was
taken as blank for comparison purposes. The téstiGos were freshly prepared before each experibgradding
“MF1” directly to the corrosive solution. Experiments &econducted on several occasions to ensure
reproducibility. Concentrations 6MF1” were 1¢,10°, 10* and 10*Mol/L.

RESULTS AND DISCUSSION
3.1. Weight loss measurements

The gravimetric method (weight loss, wL) is knovenlte the most widely used method of monitoring bitkin
efficiency [22-25]. The mild steel specimens of dimion 1 x 1 x 0.1 cm were used in these studiks.\Weight
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loss measurements were conducted under total inonensing 250 mL capacity beakers containing 100ahtest
solutions, HCI 1M solution containing the inhibittviIF1” at different concentrations, for 6 hours, mairgdim a
thermostated water bath. Immersion is subjected temperature of 308 ° K to 6 hours. The specimeaie
weighed before and after the tests using an analybalance with a precision of 0.1 mg. The spensngere taken
out after the 6 hours of immersion, washed, dried Beweighed accurately to determine the weight twfsmild
steel. All measurements were performed few timessaerage values were reported to obtain good deigilility.
The corrosion ratep} in mg cn¥ h! in the absence and presence‘ldfF1” was determined using the following
equation:

A
p=22 (1)

whereAW is the average weight loss of the mild steel Bpens, A is the total area of mild steel specimeah &is
the immersion time. The percentage inhibition éficy (IE%) was calculated using the relationship:

wo -wi

whereWo and Wi are the weight loss values in treeabe and presence ®fiF1” .

Table 1 listed the corrosion rate values and tfieieficies of the inhibitions fofMF1” , it is clear thatMF1”
showed a best inhibitive effect, the efficiencyateantil 95.8 % in HCILM medium. This result coldd explain by
the presence of molecular structure containingrbatems having higher basicity and electron dgnait the

hetero atoms such as N and substituents have tepteresist corrosion.

Table 1.weight loss mesurements of different conceation with and without presence of “MF1”inHCI 1 M medium

Compounds c Corrosion rate | Efficiences
(mg/cm?.h) %
Blank 1M 0.32 _
10° 0.0461 85.58
Inhibitor 10° 0.0319 90.04
“MF1” 10* 0.0205 93.59
10° 0.0134 95.8

2.4. Adsorption isotherm

Metal Surface providing us several information altbe adsorption mechanism of the inhibitors ongtdace by
studying the relationship between the concentradiot the surface coverage. Many isotherms are el fit
the experimental data such as Langmuir, Temkinnkim etc...

It is found that the adsorption of studied inhibiton steel surface obeysthe Langmuir adsorptimthésm equation:

c_1
f=l+tc 3)

Where C is the concentration of inhibitor, K thesaigbtion equilibrium constant, alis the surface coverage.

Plots of C/© against C yield straight lines as shown in Figar2d the corresponding linear regression parameters
arelisted in Table 2.These parameters indicatirey ddsorption of‘MF1"” inhibitor on steel surface obeys
Langmuir adsorption isotherm.

Furthermore, the adsorption equilibrium constan ig<related to the standard free enengy° by the following
equation:

AG®ygs = —RT.In(55,5.K) 4)

Where R is the gas constant (8.314 3 #ol’), T the absolute temperature(K), and the values 58. the
concentration of water in the solution.
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Fig.2.Langmuir adsorption of “MF1” on the mild st eel in HCI 1M medium

Table 2 :Thermodynamics parameters adsorption of ihibitors on the steel mild in HCI 1M media

Measurements | Inhibitor | K a4 L mol-1 k‘?(r?*ngf-sl Linear coefficient regression (r)
Weightloss “MF1” 7.95 10 -8.637 1

Thetable 2 represent th&G%gs values, the negative values of the free energynmehat the inhibitor was
spontaneously adsorbed on mild steel-electrolyterface. It has been reported that value\6f,qs up to -20

kJ/mol are consistent with the physisorption; thassund -40 kJ/mol or higher are consistent witbnaisorptions
[26]. In the present study, the value &6%s is -8.637 kJ mol-1, probably means that the ad&nrpof 1,5-

dibenzyl-1H-pyrazolo[3,4-d]pyrimidine-4(5H)-thionedhe steel surface exhibits is physical adsorption

3.3 Electrochemical measurements

The EIS is a method designed to avoid severe dedtion of the exposed surface of the structurdistband was
widely used for monitoring the corrosion of a wartielectrode. This method consists of applyingdesgies and
low amplitude sinusoidal voltage wave to producedysbation signals on the working electrode. Theasion state
can be predicted by analyzing the current resparisthe voltage or the frequencies. In modern pcactihe
impedance is usually measured with loch-in ampBfier frequency-response analyzers, which arerfastg more
convenient than impedance bridges [27, 28].

The electrolysis cell was Pyrex of cylinder closggdcap containing five openings. Three of them wesed for the
electrodes. The working electrode was mild steehwhe surface area of 1 cm2. Before each expetinika
electrode was polished using emery paper until Ijz@@e. After this, the electrode was cleaned soinecally with
distillate water. A saturated calomel electrode Ep@as used as a reference. All potentials werergiwith
reference to this electrode. The counter electmakea platinum plate of surface area of £.cFhe temperature was
thermostatically controlled at 308 K°. The workielgctrode was immersed in test solution during 3@utes until

a steady state open circuit potential (Eocp) wdainbd. The polarization curve was recorded bynmagon from -
800 mV to -200 mV under potentiodynamic conditicc@responding to 1mV/s (sweep rate) and under air
atmosphere.

The potentiodynamic measurements were carried sutguVoltaLab100 electrochemical analyzer, whichswa
controlled by a personal computer. AC-impedancdistualso were carried out in a three electrodeassembly.
The data were analyzed using Voltamaster 4.0 softw@he electrochemical impedance spectra (EIS)e wer
acquired in the frequency range 100 kHz to 10 mHthe free corrosion potential. The charge transdsistance
(Rt ) and double layer capacitanceyj@vere determined from Nyquist plots. The impedadiegrams are given in
the Nyquist representation. Experiments are refdetitee times to ensure the reproducibility. ABatochemical
studies were carried out with immersion time ofduh with different inhibitory concentrations Uf1F1” , at 308

K.
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3.3.1. Electrochemical impedance measurements
EIS was carried out on a newly polished steel serfa acidic solution in the absence and presehicgibitor at an
open circuit potential at 308 K° after 30 min ofnarsion.

The locus of the Nyquist plots was regarded as paré of a semicircle. Nyquist plots of steel inilited and
uninhibited acidic solution containing various centrations off MF1"” are shown respectively in Fig. 3.

The impedance diagrams obtained are not perfecicselas and thisdifference has been attributedrégquency
dispersion [29-30]. It isnoteworthy that the bestof the experimental data was obtained using@otisphase
elements (CPE) which have frequency dispersionerathan capacitances. Based on the values of dwtriel
elements and parameters obtained in them, capeesamere assessed in accordance with the methodbaekby
Hsu and Mansfeld[31]. CPE is a generalized toolctvican reflect exponential distribution of the graeters of the
electrochemical reaction related to energetic bamt charge and mass transfer, as well as impedagitaviour
caused by fractal surface structure. On the othrd lthere are some cases where the CPE is a fappadximation
of the system, having very complicated parametgribdution and it is not possible to give some ¢stesit physical
interpretation [30]. The dispersion of the capa&eitsemicircle is explained also by surface hetaveie due to
surface roughness, impurities or dislocations [3D-3
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Figure 3.Nyquist plots in absence and presence oifférent concentrations of “MF1”inHCI 1M

The charge transfer resistance, Rt values are lagdcufrom thedifference in impedance at lower dugher
frequencies, as suggestedbyTsuru et al. [33] .Taikthe double layer capacitancefCthefrequency at which the
imaginary component of the impedance ismaximum (a¥)ns found and gvalues are obtained from theequation:

1

Cdl O —
27T, fma>< Rct (5)

The percentage inhibition efficiency from the clteatansfer resistance
is calculated by the following relation:

E (%) - R°c0rr—Rcoer 100 (6)

R°corr

where, R°corr and Rcorr are the charge transféstagge in presence and in absence of inhibitespectively.

The impedance parameters derived from these igatistns are given in Table 3. It is found that Rles increase
with the increase in 1,5-dibenzyl-1H-pyrazolo[3 ndimidine-4(5H)-thioneconcentration indicating arsulated
adsorption layer's formation.
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The double layer capacitancg S expressed in the Helmotz model by:
Cu= 25S(7)

Wheres is the thickness of the deposit, S is the surtddbe electrode is the permittivity of the air angis the
medium dielectric constant.The decrease in Cdleslmay be interpreted either by a decrease of lieddctric
constang[34] or by the thickness of the adsorbate layanbibitor at the metal surface [35].

Table. 3. Corrosion parameters obtained by imp#ance measurements for mild steel in HCI 1M tavarious concentrations of

“MF1”
Compounds  Concentrations Rg (ohm.cnf)  frax Ca E
(M) (Hz) (uFlem?) (%)
Blank HCI 1M 21.08 100 75.5 -
Inhibitor 10° 105.8 40 37.6 80.07
“MF1” 10° 176.3 40 22.56 88.04
10* 246.5 31.6 20.43 91.45
10° 402.2 20 19.78 94.76

From Table 3, it is clear that the Rctvalues inseehand that the Cdlvalues decreased with incrgastibitor
concentration. These results indicate a decreaieeiactive surface area caused by the adsorptitreanhibitors
on the mild steel surface, and it suggests thatctireosion process became hindered. The best résuthe
inhibition efficiency of the MF1 was obtained at@ncentration of 1&Mol/L, with efficiency equal to 94.76 %.

3.3.2. Polarisation measurements

The polarization curves of steel in HCI 1M in tHesance and presence®F1” at different concentrations at 308
K are presented in Fig. 4. The collected parameteduced from the polarization curves such theosown
potential (Ecorr), corrosion currentd}), cathodicTafel slope$¢) and percentage inhibition efficiency (El %) are
shown in Table 4. The relation determines the iiiloit efficiency (El %):

£ = DI 100 g
corr

Wheref.,, and Lyare uninhibited and inhibited corrosion current siges, respectively. Under theexperimental
conditions performed, the cathodic branch represéme hydrogen evolution reaction,while the andagianch
represents the iron dissolution reaction.

2,5
2,0
1,5
1,04
. 0,5
E 0,0 1
2 4
£ -05-
> 10. HCL 1M
07 10°M
1,54 10°M
20 10™M
1 10°M
-2,5
-3.0 T T T T T T T T T T T T T
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E (mV)

Fig.4. Tafel polarization curves in in HCI 1M with and witout“MF1"at different concentrations
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Table 4.Electrochemical parameters of mild steel atarious concentrations of “MF1”"HCI (1M)

Compounds Conc(e'\;l;ratlon (ﬁc\‘;’)’ pc(mVidec) Ba(mVidec) lcor (MA/CI?) (OI/EO)
Blank HCL 1M 490 -147.7 74.8 0.5779
10° 479 -166.5 61.6 0.132 77
Inhibitor 10° 474 -150.9 64.4 0.087 85
“MF1” 10* 485 -169.2 60.5 0.0511 91
10° 452 -141.1 51.7 0.0385 93

Inspection of these results reveal that in presefidehibitor (‘MF1” ) , the value of corrosiondensity (lcorr) was
decreased. This behaviour reflects its ability ribibit the corrosion of mildsteel in 1M HCI solutioBoth the
anodic and cathodic current densities were decdeiastgure 4, indicating thatMF1” suppressed both theanodic
and cathodic reactions through adsorption on tHd steel surface. This suggests tHstF1"” act as mixed type
corrosion inhibitor for mild steel in 1M HClsoluticGenerally, the modes of the inhibition effectimfibitors are
classified into three categories [36,37]: geomebiocking effect of adsorbed inhibitive speciestivec sites
blocking effectby adsorbed inhibitive species, atettro catalytic effect of the inhibitor or itsaionproducts. It
has been discussed in the case of the first madentibition effect comes from thereduction of tkaction area on
the surface of the corroding metal, whereas forotier two modes the inhibition effects are dugh®changes in
the average activation energy barriers of the anadi cathodic reactions of the corrosion process.

The cathodicTafelslopep¢) of “MF1” show changes with the addition of inhibitor, whishggests that the
inhibiting actionoccurred by simple blocking of thgailable cathodic sites on the metal surfacechviéadto a
decrease in the exposed area necessary for hydesgdution and lowered thedissolution rate withréasing the
inhibitors concentrations (table 4). The paratlathodicTafelplots ¢MF1” obtained in Figure 4 indicate that the
hydrogen evolution is activationcontrolled and teduction mechanism is not affected by the presehaghibitors
[38-40].

Tafel slopes ofic andpa change upon addition 8fMF1” , which means that the inhibitor molecules are dubswh
on both the anodic and cathodic sites resultingririnhibition of both anodic dissolution and caticoceduction
reactions [41].

3.4.Effect of temperature

Temperature has a great effect on the corrosiongzhenon.Generally the corrosion rate increases théhise of
the temperature. For this purpose, we made weggs éxperiments in the range of temperature 3183#8the
absence and presence of 1,5-dibenzyl-1H-pyrazdalfyrimidine-4(5H)-thioneafter 1 h of immersiont a
optimum concentration (10Mol/L). The corresponding data are shown in Tdhligure 5.From the weight loss
results, the corrosion rate (CR), the inhibitioficency (E%) of inhibitors anddegree of surfaceemge @) were
calculated using equations 9,10 and 11[42]:

AW
R= (—)©
c (SX')()

W,
E(%)= (1--—2)x100(10
(%)= (=30 10010)

corr

W,
= 1——cory (11
( Wo ) (11)

corr

Where W, and W, are the weight losses for mild steel in the preseand absence of the inhibitor in HCI
solution and® is the degree of surface coverage of the inhibitdW is the difference of weight loss for mild steel
with and without inhibitors, S is the exposure aséthe metallic specimens and t is the immersioe tof the metal
in corrosive solution.

The fractional surface coverag®)(can be easily determined from the weight losssuesments bythe ratio E(%)
/100, where E( %) is inhibition efficiency and aallsted using equation 10. Thedata obtained suggestl,5-
dibenzyl-1H-pyrazolo[3,4-d]pyrimidine-4(5H)-thionegadsorbed on the steel surface at alltemperastudged and
corrosion rates increased in absence and presénchkiltitor with increasein temperature in HCI 1Mlgtions. In
acidic media, corrosion of metal is generally acpamedwith evolution of K gas; rise in temperature usually
accelerates the corrosion reactions which resutiginer dissolution rate of the metal.
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Table 5. Corrosion parameters for mild steel in HCL1M in absence and presence of optimum concentratiof 1,5-dibenzyl-1H-
pyrazolo[3,4-d]pyrimidine-4(5H)-thioneat different temperatures

Temperature (K°) Inhibitor  @&mg/cnf.h)  © E (%)
HCL 1M  2.0649

318 Inhibitor  0.192 0.9 90.7
328 HCL 1M  4.0689 - -
Inhibitor  0.6425 0.84 84.21
338 HCL 1M  6.9998 - -
Inhibitor  1.4692 0.79 79.01
348 HCL 1M 9.7914 - -
Inhibitor  2.8522 0.7 70.87
104 — HCI 1M
ol — INHIBITOR
8+
7]
= 87
s
= ]
£
= ]
O 34
2 -
1
0
T T T T T T T T T T T T T T
315 320 325 330 335 340 345 350

Temperature (°K)

Figure 5. Variation of CR in 1M HCI on steel surfa@ without and with of optimum concentration of 1,5dibenzyl-1H-pyrazolo[3,4-
d]pyrimidine-4(5H)-thione at different temperatures

From the Table 5, it is clear that corrosion rateréased with increasing temperature both inunitgdband
inhibited solutions while the inhibition efficiencyof 1,5-dibenzyl-1H-pyrazolo[3,4-d]pyrimidine-4(5H)
thionedecreased with temperature. A decrease ibifium efficiencies with the increase temperatarpresence of
the inhibitor might be due to weakening of physiadkorption. Inorder to calculate activation paramsefor the
corrosion process, Arrhenius equation. (12) andttiam state equation (13) were used[43].

-E
CR= Ae a 12
XPW) (12)

RxT -AS - AH
CR= exp( ) expf a) (13
N 8]y R )expt RxT ) (13)

where CR is the corrosion rate, R the gas consTatiie absolute temperature, A the pre-exponefaabr, h the
Plank's constant and N is Avogrado's number, Eattigation energy forcorrosion procedsja the enthalpy of
activation andASa the entropy of activation. The apparentactivaépnergy (Ea) at optimum concentration of 1,5-
dibenzyl-1H-pyrazolo[3,4-d]pyrimidine-4(5H)-thiones determined by linearregression between Ln(CH)ldm
(Figure 6) and the result is shown in Table 6.
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Figure 6. Arrhenius plots of In CR vs. 1/T for mildsteel in 1M HCI in the absence and the presencebf-dibenzyl-1H-pyrazolo[3,4-
d]pyrimidine-4(5H)-thione at optimum concentration (10° Mol/L)

Table 6. Activation parameters Ea AHaand ASafor the mild steel dissolution in 1M HCI in the &sence and the presence of 1,5-dibenzyl-
1H-pyrazolo[3,4-d]pyrimidine-4(5H)-thione at optimum concentration (10° Mol/L)

Inhibitor  Ea (J/mol) AHa(KJ/mol) ASa(J/mol.K)
1M HCL 48.13 45.61 -95.79
Inhibitor 82.37 80 -7.18

Inspection of Table 6 showed that the value of Emnined in 1M HCI containing 1,5-dibenzyl-1H-p3wéo[3,4-
d]pyrimidine-4(5H)-thioneis higher (82.37 J/molhan that for uninhibited solution (48.13 J/ molheTincrease in
the apparent activation energy may be interpreseghagsicaladsorption that occurs in the first stades increase in
activation energy could be attributed toan appt#eidecrease in the adsorption of the inhibitothensteel surface
with increase intemperature. As adsorption deceeas®e desorption of inhibitor occur because thes®pposite
processes are in equilibrium. Due to more desamptib inhibitor molecules athigher temperatures tieater
surface area of steel comes in contact with agiyessvironment, resulting increased corrosion ratigls increase
in temperature [44-50].

®  HClI1M
® |Inhibitor

w
(6]
|

21 oyl
Ln C/T (mg/cm”.h.°K™)
o o a o A~ &
(6] o (6] o (6] o
1 1 PR | " | - 1 " | -

~N
o
1

~
(6]
| -

T T T T T T T T T T T T T
2,85 2,90 2,95 3,00 3,05 3,10 3,15
1000/T (°K™)

Figure 7.Arrhenius plots of In CR/T vs. 1/T for stel in 1M HCI in the absence and the presence of tdibenzyl-1H-pyrazolo[3,4-
d]pyrimidine-4(5H)-thione at optimum concentration (10° Mol/L)
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Fig.7 showed a plot of Ln CR/T versus 1/T. Theigtralines are obtained with a slopgHa/R)and an intercept of
(Ln R/Nh +ASa /R) from which the values of the valuesAdfla and ASaarecalculated for 1,5-dibenzyl-1H-
pyrazolo[3,4-d]pyrimidine-4(5H)-thione of analyzadd are given in Table 6. Inspection of these dataaled that
the thermodynamic parametexHa) for dissolution reaction of steel in 1M HCl tine presence of inhibitors are
higher (80 kJ/mol) than that of in the absencentikitors (45.61 kJ/ mol). The positive sign sfla reflect the
endothermic nature of the steel dissolution proseggesting that the dissolution of steel is slowhie presence of
inhibitor. Negative value of entropy$a) imply that theactivated complex in the rateedaining step represents an
association rather than a dissociation step, mgahat a decrease in disordering takes place argdodom reactant
to the activatedcomplex.

3.5. Quantum chemical calculations

Quantum chemical calculations can complement thgemxental investigations or even predict with some
confidence into experimentally unknown properties, [52]. There has been increasing use of the tyemsictional
theory (DFT) methods in applications related toamig compounds [53].

The advancement in methodology and implementatiasseached a point where predicted propertiesasionable
accuracy can be obtained from DFT calculations .[S#jus in the present investigation quantum chelmica
calculation using DFT was employed to explain thpegimental results obtained in this study andutdhier give
insight into the inhibition action 6fMF1” on the mild steel surface.

Complete geometrical optimizations of the invegdgamolecules are performed using DFT (density tional
theory) with the Beck’s three parameter exchangetfanal along with the Lee—Yang—Parr nonlocal elation
functional (B3LYP) [55-57] with 6- 31G(d,p) basistss implemented in Gaussian 03 program packagf This
approach is shown to yield favorable geometriesaferide variety of systems. This basis set givesdggeometry
optimizations. The geometry structure was optimiaader no constraint. The aim of our calculatiotigalculate
the following quantum chemical indices: The eneofinighest occupied molecular orbitalgo), the energy of
lowest unoccupied molecular orbital, (lzo0), energy gap AE) between Eomo and Eumo, dipole moment ),
electronegativity x), electron affinity (A), global hardness)( softness ), ionization potential (I), the global
electrophilicity @), the fraction of electrons transferresiN) and the total energy (TE), and correlate theitle tlve
experimental observations.The optimized structwed#!F1 and N-MF1 are depicted in Fig 8 which is who
below.

MF1 N- MF1
Fig 8.0Optimized structure of studied molecules obtaed by B3LYP/6-31G(d,p) level

/

The frontier orbital (highest occupied moleculabital HOMO and lowest unoccupied molecular orbitdMO) of

a chemical species are very important in definisgeactivity. Fukui first recognized this. A goodrrelation has
been found between the speeds of corrosion and EBI@t is often associated with the electrondogadibility

of the molecule. Survey of literature shows that aldsorption of the inhibitor on the metal surfaae occur on the
basis of donor—acceptor interactions betweemtbkectrons of the heterocyclic compound and theantd-orbital
of the metal surface atoms [59], high value of EHOMf the molecules shows its tendency to donatetreles to
appropriate acceptor molecules with low energy gnmpblecular orbitals. Increasing values of EHOMOQilftate
adsorption and therefore enhance the inhibitioitieficy, by influencing the transport process tigtothe adsorbed
layer. Similar relations were found between thesaif corrosion andE (AE = ELUMO - EHOMO) [60-61]. The
energy of the lowest unoccupied molecular orbitalidates the ability of the molecule to accept tetets. The
lower the value of ELUMO, the more probable the enale would accept electrons. Consequently, coimggtthe
value of the energy gapE, larger values of the energy difference will pdaviow reactivity to a chemical species.
Lower values of the\E will render good inhibition efficiency, becausestenergy required to remove an electron
from the lowest occupied orbital will be low [6Another method to correlate inhibition efficiencytlwparameters
of molecular structure is to calculate the fractidrelectrons transferred from inhibitor to metaiface. According
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to Koopman'’s theorem [6 HOMO andELUMO of the inhibitor molecule are related to tlmmization potential
(1) and the electron affinity (A), respectively. Thmmization potential and the electron affinity atefined as | = -
EHOMO and A = - ELUMO, respectively. Then absoladectronegativity ) and global hardness))( of the
inhibitor molecule are approximated as follows [64]

x=(+A)2 (14)
n=(-A)2 (15)

The global electrophilicity index was introduced Pgrr [65] and is given by:

® =/ 2n(16)

Moreover, for a reaction of two systems with diffier electronegativities, the electronic flow witaur from the
molecule with the lower electronegativity (the argainhibitor) towards that of higher value (mei@kurface), till
the chemical potentials are equal [66]. Therefdre fraction of electrons transferredN) from the inhibitor
molecule to the metallic atom was calculated adogrtb Pearson electronegativity scale [67]:

AN=(xee %inn)/2(MFeNinn) (17)

WhereyFe and Inh denote the absolute electronegativifyeodind the inhibitor molecule, respectivellye andyinh
denote the absolute hardness of Fe and the inhilitolecule, respectively. A theoretical value fdret
electronegativity of bulk iron was used Fe = 7 eM a global hardness gFe = 0, by assuming that for a metallic
bulk | = A because they are softer than the neutegthllic atoms[68].

Quantum chemical parameters obtained from the kzdlons which are responsible for the inhibitiofi@éncy of
inhibitors, such as the highest occupied molecataital (Eiomo), energy of lowest unoccupied molecular orbital
(ELumo), HOMO-LUMO energy gapAEx.), dipole moment () and total energy (TE), electronegativity),(
electron affinity (A), global hardnesg)( softnessd), ionization potential (I), The global electropbity (o), the
fraction of electrons transferred from the inhibito iron surface AN) and the total energy (TE) , are collected in
Table 7.

Table.7. Calculated quantum chemical parameters dhe studied compounds

Quantum parameters MF1 N-MF1
E vomo (eV) -0.276 -0.218
E Lumo (eV) -0.042 -0.038
AEgap (eV) 0.234 0.180
Dipole momeni (debye) 3.3523 7.0191
Total energy (a.u.) 0.757085| 1.0701
lonisation potential (I=- Fomo) 0.276 0.218
Electron affinity A=- E ymo) 0.042 0.042
Hardnessi(= (I-A)/2 (eV)) 0.117 0.088
Softness€=1/n) 8.547 11.363
Electronegativity f = (1+A)/2(eV)) 0.297 0.239
Electrophilicity index ¢= p%2 n) 48.025 | 279.930
Fractions of electron transferred | 0.02157 | 0.01728
(AN=(xre yinn)/2(MFe€inn))

The results presented in Table 7 show that N-MRFatgmated)have the lowest energy gap 0.180eV, fibvereits
high reactivity can allow it to be easily adsorbauto the mild steel surface leading to increaseinisbitive
efficiency when compared to MF1.

The electronegativity and the global hardness atdiche molecular capability of accepting electrtimsn the
smaller their values, the higher their ability ainéting electrons. It could be seen from their waked values
shown in Table 7, that P2 have the lowest electjatieity and the lowest hardness values indicatimg high
reactivity of N-MF1 compared to MF1 which can explés high corrosion inhibition efficiency.

The values of the dipole moment displayed in Tahlare the measurement of polarity within the entirolecules
[69]. It is an index usually used for the predintiof the direction of a corrosion inhibition. Hendeis generally
agreed that the adsorption of polar compounds pesgghigh dipole moments on the mild steel surferild lead
to better inhibition efficiency [70].

364
www.scholarsresearchlibrary.com



Y. El Ouadiet al Der Pharma Chemica, 2015, 7 (9):354-367

The total energy calculated by quantum chemicalhods is also a beneficial parameter. The totalgnef a
system is composed of the internal, potential, kindtic energy. Hohenberg and Kohn [70] proved that total
energy of a system including that of the many beffigcts of electrons (exchange and correlatiothénpresence of
static external potential (for example, the atomiclei) is a unique functional of the charge dgnsihe minimum
value of the total energy functional is the growtate energy of the system. The electronic chaegsity which
yields this minimum is then the exact single p#tiground state energy. In our study the total gnerf the best
inhibitor MF1 is equal to 0.757085(u.a), this vaisiéower than that of the compound N-MF1.

In literature it has been reported that the vakfedN show inhibition effect resulted from electrons dibora [71,

72]. According to Lukovits's study [72], if the wa of AN < 3.6, the inhibition efficiency increased with iaasing
electron donating ability of inhibitor at the metlrface. Also it was observed [73] that inhibitiefficiency

increased with increase in the valuesAM. However, our study reveals that there is no magtiend in the
inhibition efficiency by increasing values 4N.

As we know, frontier orbital theory is useful ingglicting the adsorption centres of the inhibit@sponsible for the
interaction with surface metal atoms. Fig 10, shbe HOMO and LUMO orbital contributions for the died
inhibitor molecules MF1 and N-MF1 respectively. Fdirthe molecules, the HOMO densities were corregad on
both rings, N atoms, and S-atom. This means tlesetlare active sites of the molecules responsiblateraction
with metal surface.

MF1

N-MF1

Fig.9. The frontier molecular orbital density distribution of MF1 and N-MF1
CONCLUSION
The principal finding of present work can be sunizet as follows:

- Steady state electrochemical measurements havensti@at 1,5-dibenzyl-1H-pyrazolo[3,4-d]pyrimidine5)-
thione act as mixed inhibitor for the corrosionstéel in HCI 1M without modifying the mechanismtofdrogen
evolution reaction.

- The increase in the charge transfer resistancelactase in double layer capacitance values, hitim¢rease in
the inhibitor concentration, showed that 1,5-dibdi+-pyrazolo[3,4-d]pyrimidine-4(5H)-thioneformeatotective
layerson the mild steel surface, covering areagevHE| solution degrades and corrodes rapidly.

- Inhibition efficiency increases with increase ie ttoncentration of the inhibitor studied but desesawith rise in
temperature.

- The corrosion process was inhibited by adsorptiothe organic matter on the mild steel surfaceaiing the
formation of the film on the metal/acid solutiondrface, decreasing the degradation of the material
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- Results obtained through weight loss measurememtkectrochemical tests demonstrated thatl,5-dipeiH-
pyrazolo[3,4-d]pyrimidine-4(5H)-thioneact as eféiot corrosion inhibitors of the mild steel in 1 MCHsolution..

- Through the quantum chemical calculations, we t&ngevn that the calculated parameters are correlatédhe
experimental results, and it was found that infobiteffect increased with the lowAEy,, and the highep values.
The protection ability of the MF1 can be attributedts molecular protonated structure.
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