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GRAPHICAL ABSTRACT
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Abstract

Two Schiff base compounds with similar backbong, ditferent positions and lengths of
alkyl groups, (E)-4-(((4-propylphenyl)imino)methgbhenol (PMP) and (E)-4-((2-
tolylimino)methyl)phenol (TMP) have been synthesiz Their structures were established
by spectroscopic techniques which include FT#R.and**C-NMR, relative molecular mass
(mass spect.), and X-ray crystallography. The spscbpic methods revealed the
characteristic imine functional groups and the exaolecular masses of the compounds.
Single crystal analysis revealed an orthorhombystat system with Pca21 space group for
the two compounds; and the structure of PMP retiedlithe propyl group is disordered over
two positions in 0.79:0.21 ratio. The corrosionilition behaviour of the two Schiff bases

were studied by electrochemical measurements. @sdts suggest that the two derivatives



adsorbed onto the mild steel surface and formeddpyabbic films, which to an appreciable
extent, protected the surface of the mild steetemdynamic polarization results strongly
suggested that the investigated Schiff bases bedavwaixed-type inhibitors with a more
pronounced cathodic nature, and the adsorptiorhasat basically obeys the Langmuir
isotherm. Quantum chemical computations were alswpl@&yed to provide further

explanations on the adsorption mode, and the theakepredictions conformed to the

experimental results.

Keywords. Crystal structure; schiff base compounds; quanttimemical calculations;

corrosion inhibition

1.0 Introduction

The rich chemistry of Schiff bases which centerstlo azomethine functional group play
critical role in the understanding and fine tunafgheir applications [1].The growing interest
in this class of compounds is, to a large exteng tb their structural resemblance with
naturally occurring biological molecules, relativebasy synthetic routes and synthetic
flexibility that give room for the design of reged structural properties. Schiff base
compounds are very common intermediates for thegpegion of arylacetamide, azetidinone,

formazone, thiazolidinone, including metal compkeaad other derivatives [2, 3].

Synthesis of this type of carbon-nitrogen doubledwoequires careful procedure and has
involved methods such as solvent based, mechamichleor solvent-free and microwave

assisted methods but there is low yield and pHiBpatons associated with solvent based
methods. pH scale for such reactions normally dpiween 5 to 8 depending on the basic

nature of the amines [4]. In mechano-chemical stithmethod, Tellaet al have applied



ball-milling technique in the absence of solverty 20 min, to synthesize trimethoprim
complexes of Cu(ll) and Ni(ll) [5]. The microwavesasted synthetic method has proved to

be rapid and efficient involving solventless mediwith high yield of products [6].

The increasing interest in imine compounds is aasedt with their presence in many
biological systems. They have found applicationsiganic synthesis, chemical catalysis,
medicine, pharmacy, chemical analysis, cation eesrin potentiometric sensors and as
corrosion inhibition agents [7-18]. Some of the laggtions in medicine and pharmacy
include use as antitumor, anti-inflammatory, améiyiantifungal and antibacterial agents, and
in the treatment of cancer, HIV and diabetes, dsd anmobilization of enzymes [8-18].
Investigations focusing on the catalytic propert¢sSchiff bases have recorded success in
the hydrogenation of olefins. Moreover, due to ithioto, thermochromic and optical non-
linearity properties, they have immense applicaiom modern technology ranging from
optical computers, detection and monitoring of ithtensity of radiation, imaging systems,
optical sound recording technology, molecular mgnsboring systems, as organic materials
in reversible optical memories and optical deteciarbiological systems, photostabilizers,
dyes for solar collectors and solar filters [19]. ZBchiff bases can create the platform for
application as efficient molecular conductors ustegtrical properties to proton transfer [21,
22]. Because of their high catalytic propertiegytlare employed in photoelectrochemical
processes, serving great modification to electrodeerials, micro-electronic devices, organic
batteries or graphical output devices [23]. Anotheteresting application of these
compounds, especially in this present study, ig tee as efficient corrosion inhibitors. The
mode of action of an excellent corrosion inhibitovolves the spontaneous formation of
impervious system on the surface of interest [Z4 adsorption of Schiff base molecules

onto metal components is made possible by the pcesef the imine group, the electron



cloud present in the aromatic ring and other edagtgative atoms which might be present

[25].

Most recently, density functional theory (DFT) hasen broadly used in theoretical
modelling to provide deep understanding of molacplaperties of compounds through the
development of exchange—correlation functionals agidition to its great accuracy in
replicating the experimental parameters such ggametry, dipole moment, and vibrational

frequency [26-29].

Schiff base ligands derived from the condensatibd-propylaniline and 2-methylaniline
with 4-hydroxybenzaldehye are presented in thidyst&pectral properties of the compound
would be investigated usintH-NMR, *C-NMR, FTIR and mass spectroscopies. Single
crystal x-ray analysis of the structures are cdrraut, and the optimized molecular
geometries obtained by using theoretical modelsirTklectrochemical activity will be
investigated using potentiodynamic polarization FpDand electrochemical impedance
spectroscopy (EIS). The potentials of the compowsdsorrosion inhibitors on mild steel are
investigated by determining the degree of protectadfered by the molecules of the
compounds on mild steel in HCI medium. The intecesSchiff base among other corrosion
inhibitors is due to their inherent advantages sashgreen techniques, reduced toxicity,
enhanced safe level, ease of adherence onto stéates inexpensiveness, simple synthetic
route and excellent inhibition efficiency [30]. Fuermore, the effect of the different alkyl
groups on the ortho and para positions of the atiomiag would provide insight into their
atomic and molecular behaviour; thereby shed lgghttheir potential inhibition efficacies.
The crystal structures of these molecules are tegdor the first time in this research and

evaluation of their corrosion inhibition propertiegs not been reported elsewhere.



2.0 Materialsand methods
2.1 Materials and physical measurements

The reagents, 4-propylaniline, 4-hydroxybenzaldehydtoluidine and solvents used in this
work were of analytical grade and purchased frogmm@ai-Aldrich and Merck companies.
They were used without further purification. FTIRestra of the synthesized ligands and the
adsorbed film of the ligands on mild steel surfaaéier immersion in acidic solution
containing 100 ppm Schiff base for 3 h, were reedrdbn a Bruker alpha-P FTIR
spectrophotometer in the wavenumber range 400 -0 466> 'H and *C NMR
measurements were performed on 600 MHz Bruker A&dahdNMR spectrometers at room
temperature using DMSO as solvent. The moleculasesgof the ligands were determined
using micrOTOF-Q 11 10390 Bruker compass Mass smeeter. All electrochemical
measurements were performed using AUTOLAB PotetatidBGSTAT 302 (Eco Chemie,
Utrecht, Netherlands) driven by the NOVA softwarersion 1.10 in an electrochemical
workstation which consists of conventional threeestbde cell assembly system with a mild
steel as the working electrode, a silver-silverogde with 3 M KCI as the reference

electrode, and a platinum (Pt) rod as the counéetrede.

2.2 Synthesis of (E)-4-(((4-propylphenyhimino)mgiphenol (PMP) and (E)-4-((2-

tolylimino)methyl)phenol (TMP)

In a general synthesis procedure, to a mixturezZ &y (10 mmol) p-hydroxybenzaldehyde in
20 mL ethanol, 1.50 mL (10mmol) 4-propylanilineZ@é mL ethanol was added with drops of
glacial acetic acid to give PMP. Similarly, in anet reaction for TMP, 1.10 mL (10 mmol)

o-toluidine in 20 mL ethanol was mixed with 1.201§ mmol) p-hydroxybenzaldehyde in 20



mL ethanol with added drops of glacial acetic adide solutions were separately refluxed
with stirring. After 2 h, the resulting clear sobris were filtered and kept at room
temperature for slow evaporation. Fine yellow aistsuitable for single crystal X-ray

analysis were obtained after 5 days.

PMP: yield 47.5%, M.pt. 148-150 °C. Selected IR 1Ym3366(OH stretch), 3024(C-H
aromatics), 2954, 2922, 285¢sp’C-H), 2584v(HC=N), 149%(C=C), 1264, 1205( C-O),
977 6(0-H), 887, 836, 798(p-OH). *H NMR (DMSO, ppm, 600 MHz)5 = 0.84 -0.88 (m,
CHa), 1.49 - 2.05 (m, 6H), 2.31 - 2.54 (m, 3H), 6.4B.78 (M, GH.), 8.46 (s, N=CH), 9.82
(s, OH). *C NMR (DMSO, § ppm): & = 11.89(CH), 16.54(CH), 39.25(CH), 114.05,
115.20, 120.65, 129.05, 130.35, 132.30, 140.01,7545149.67, 159.33, 160.60 L),
161.73 (HC=N), 191.16 (C-OH). MS (ESI) m/z 5¢8:;NO Calcd. 239.29. Found [M+HE
240.14 (100%). Anal. Calc. for,6H17/NO: C, 80.30; H, 7.16; N, 5.85; Found: C, 81.H9;

6.98; N, 6.15%.

TMP: vield 50.3%. M.pt. 172-175°C. Selected IR {&m 3051, 3019v(C-H aromatics),
2865, 2822(sp3 C-H), 27223(HC=N), 1485v(C=C), 1269, 1215(C-O), 997c(0OH), 863,
782, 7540(p-OH) *HNMR (DMSO, ppm, 600 MHz)3 = 2.24 (s, Ch), 6.44 (s, 1H), 6.65 (s,
1H), 6.81-7.09 (M, §Ha), 7.19 (s, 2 H),7.78 (d, 2H),8.31 (s,1H), 9.77@8$ ); °C NMR
(DMSO, ppm, 600 MHz)5 17.84 (CH, C-7), 116.19 (C-6), 117.97 (C-14), 126.59 (C-3),
130.69(C-3, C-11, C-15), 146.64(C-10), 151.22(C15p.55(C-5), 160.63(-C=N), 191.19(C-
OH). MS (ESI) m/z = gH13NO Calcd. 211.26. Found [M+HE 212.11 (100%). Anal. Calc.

for C14H1aNO: C, 79.59; H, 6.20; N, 6.63; Found: C, 80.856.44; N, 6.54%.



2.3 X-ray crystallography

X-ray diffraction studies were carried out at 200 using a Bruker Kappa Apex I
diffractometer with graphite monochromated Ma #diation § = 0.71073 A). APEXII and
SAINT were used for data collection, cell refinemamd data reduction [31]. Structural
elucidation were carried out using SHELXT-2014[32hd improved by least-squares
methods using SHELXL-2014 with SHELXLE as a graphimterface [32, 33]. Carbon-
bound H atoms were placed in calculated positionsvaere incorporated in the refinement
in the riding model approximation, withid(H) set to 1.2(C) while all non-hydrogen
atoms were refined anisotropically. There was ratabf the H atoms of the methyl group
with a fixed angle around the C—C bond in ordegitee excellent fit to the experimental
electron density (HFIX 137 in the SHELX programtegifwith Uiso(H) set to 1.5lk(C).
Similar rotation was equally allowed for the hydybk around the C—O bond to best fit the
experimental electron density (HFIX 147 in the SBiHhrogram suite [32], with |h(H) set

to 1.5U(O). The propyl group is disordered and necessitéte utilization of various
constraints. The data were corrected for absorpitects by the numerical method using

SADABS [31].

2.4 Electrochemical techniques

The complete electrochemical setup was allowedetxh the steady state, followed by
potential scan conducted for 1800 s in the aggressolutions which contained various
concentrations of inhibitors and also a control tifeut inhibitor). Subsequently,
potentiodynamic polarization (PDP) measurement&warried out after 1800 s of mild steel
immersion in the aggressive solutions by sweepgiegobtential in the range of -0.25 to +0.25
V at the scan rate of 0.5 mVsThe corrosion current densititf), anodic and cathodic

Tafel slopes fx and . respectively) were obtained from the polarizatiomrves by



extrapolating the linear Tafel segments to the asdon potential (Kn). The inhibition

efficiency ¢%) was, thereafter, obtained. Electrochemical impedaspectroscopic (EIS)
techniqgues were carried out at the OCP by analysireg frequency response of the
electrochemical system in the range 10 mHz to 189 & 10 mV root-mean-square (rms)
amplitude. The impedance spectra were fitted impr@priate equivalent circuit to obtain

required electrochemical data such as the chaagefer resistance (R

2.5 Quantum chemical calculations details

Gaussian 09 software was used to calculate thetgumachemical parameters necessary to
explain the atomic and molecular interactions imedlin the compounds. Density functional
theory (DFT) approach, which involves the Beckdiseeé-parameter hybrid functional and
Lee-Yang-Paar correlation functional (B3LYP) condarwith the 6-31 G+(d) basis function
was used to obtain the optimized structures [3d4¢ DFT, among other functions, has shown
excellent promise in revealing the changes in edeat structure responsible for inhibitory
action of compounds on metal surfaces. GaussViéwsbftware was further applied in
visualizing the electron density graphical isoscefaand the quantum chemical parameters
such as the energy of the highest occupied moleaulatal (Eiomo), the energy of the
lowest unoccupied molecular orbital (o), the energy gapA( E = Biomo— ELuwmo),
chemical potentialy), absolute hardnesg)( absolute softness, nucleophilicity index (N) and
fraction of electron transfer from the inhibitor ke metal surfaceA(N), were quantified

using equations 1-7 [35, 36].

Ip (lonization potential) = -fomo and B (electron affinity) = -lEumo (1)
Chemical potential, p -—-21-(Ip+EA) (2)
Absolute hardnesg,=- %(EHOMO— E .umo) (3)
Energy gapAE = B umo- Exomo (4)
Nucleophilicity index (N) = (5)



Global softnessq)) =)l( (6)

Amount of éwhich migrates inhibitor to metal surfaceN) = % (7)
Fe inh

3.0 Results and discussion

3.1 Synthesis

A condensation reaction between 4-propylaniline drdydroxybenzaldehyde (1.1 molar
ratio) in ethanol afforded (E)-4-(((4-propylphengi)no)methyl)phenol (PMP), while similar
reaction between o-toluidine and 4-hydroxybenzajdeh gave (E)-4-((2-
tolylimino)methyl)phenol (TMP) as presented inecte 1. Both compounds were obtained
at moderately high yield, are brownish yellow inozg and stable at ambient conditions. The
structures were elucidated using spectroscopic ntgaks and confirmed by X-ray
crystallography. The mass spectra results gaveaulaleion peaks at 240.14 and 212.11 for
PMP and TMP respectively. Experimental and thecaktiesults were in agreement with

each other and confirmed the structures of the coumgs.

16
NH, CHO i
15
OH 13
1 13
14
+ — >
ethanol, reflux
glac. acetic acid
CHs OH CHjz 10
. 9
4-propylaniline  4-hydroxybenzaldehyde (E)-4-(((4-propylphenyl)imino)

methyl)phenol

14
15
8 13 _—OH 16
CHg o 10
NH; 1 NG N4CH S 12
7
+ ethanol reflux
glac. acetic acid 2 4
3

4-hydroxybenzaldehyde (E)-4-((2-tolylimino)methyl)phenol

CHj3

Scheme 1: Synthesis route for the compounds, PMA &P.
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3.2 FTIR measurements

The spectra of both compounds, presented in Figiaesd 1b, showed the absence of bands
due to NH and CO groups of the starting materials and tlesgmce of bands due to the
azomethine group. The band which appeared arous6é 881" could be assigned to the
vibrational frequency due to the phenolic OH [3Mfe stretching vibrations around 3024 cm
! (for PMP) and 3019 cm (for TMP) are due to C-H of the aromatic rings. Theee weak
bands observed at 2954, 2922, 2857 for PMP &r€Hlpvibrations attached to the aromatic
ring. They were similarly observed in the range 282d 2865 cifor TMP. Two strong
absorption bands which occurred around1265 and §&#0BMP; and around 1269 and 1215
for TMP could be attributed to the O-H deformatimodes and C-O stretching vibration
respectively. Sharp and intense bands characteofsthe vibrations o#(C=C) andv(CH=N)
were noticed around1898 and 1604 'cior PMP, while for TMP they occurred around 1681
and 1625 cit[38]. The O-H bending vibration in PMP and TMP weleserved around 977
and 997 cnt respectively. The sharp bands around 887, 836, a2 754 in the spectra of
both compounds are diagnostic peaks attributedgobgtituted OH derivative of aromatic

ring [39].

10
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Figure 1 FTIR spectra of the synthesized Schiff base ligands

3.3 NMR spectroscopy

In the'H NMR spectra, the chemical shifts due to the atanpaotons, the hydroxyl protons
and protons due to alkyl substituents were cleadgerved. The proton due to the HC=N
group appeared as singlet at 8.46 and 8.31ppmMdét &d TMP, respectively. The hydroxyl
group bounded to the aromatic ring showed signa®s8s for PMP and 9.77 ppm for TMP.
The positions of these peaks reflect the electratneg) property of the aromatic ring, and
possible presence of hydrogen bonding leading tenfleld resonance [39]. PMP showed
peaks in the range 0.81 - 0.88, 1.49 - 2.05, aBtl 22.54 ppm, which are due to the terminal
CHs, CH, at position 9, and the protons of the Gitlposition 8 respectively. In the spectrum
of TMP, the signals observed at 2.24 ppm couldleetd protons of Cklat position 7. The
aromatic protons appeared as multiplets and weserebd between 6.44-7.78 ppm in both

compounds. The protons at positions 13 and 17 MP Rare chemically equivalent and

11



resonated at 7.78 ppm, and similar situations wéerved for the protons at positions 11
and 15 of TMP. Other protons with equivalent envinents are found at positions 1 and 5, 2

and 4, 14 and 16 for PMP and 12 and 14 for TMP.

In the’®*C-NMR spectra, the compounds showed signals imethion 11.00-191.00 ppm with
varied intensities which signify the type of cartatom. The signals due to the phenyl group
were observed in the aromatic region between 11D 160 ppm, and the position is a
function of the proximity of the carbon atoms tdfetient electron donating or withdrawing
groups [39]. Signals at 161.73 and 160. 63 ppnhénspectra of PMP and TMP respectively
are ascribed to the C=N functional group. PMP slib@k} signals at 11.89, and the signals
due to the Chlat position 9 and 8 at 16.54 and 39.25 ppm res@bgt In the spectrum of
TMP, the signal found at 17.84 ppm could be attaduo the CH attached to the aromatic
ring. A low intensity signal observed at 191.19 ppnthe spectra of both compounds is
ascribed to the carbon atoms bearing the OH graxg the enhanced downfield shift is due
to its para-position. The signals due to carbongasition 6 in PMP and the carbon at
position 5 in TMP were observed at 160.60 ppm &®1585 ppm respectively. The proximity
of these carbons to the electronegative nitrogemanhances their deshielding effect and
caused them to resonate at high&alues [39]. Other aromatic carbons appeareddanahge
115 to 151.22 ppm. Among the aromatic carbons, Gct46 and C-1, C-5 for PMP showed
signals at 114 and 120 ppm respectively, whilelfdiP the C-6, C-12 and C-14 showed their
signals in relatively up-field regions: 116 to 197.ppm. This is because in TMP these
carbons are inp-positions to the electron withdrawing groups: Nda®H, thereby
experiencing some deshielding effect. The highbserved peaks for PMP are at 114.05 and

129.05 ppm, and are assigned to C-16 and C-1 resglgc

12



3.4 X-ray crystallography

An ORTEP structures and the crystal packing of PAMiB TMP with the atom-numbering
scheme is presented in Figures 2 and 3 respectiValyle 1 presents the crystallographic
data of the compounds. Selected bond distancearaglds are summarized in Table 2. Both
compounds crystallized in an orthorhombic crystatem with space group Pca2l. In the
asymmetric unit there are four molecules of the poumds. The structure of PMP is non-
planar, with the least square plane through thengdheéng making a dihedral angle of
51.61(9)° with the least square plane through tlepylbenzene ring. The propyl group is
disordered over two positions in a 0.79:0.21 rakire least square plane through both propyl
groups makes a dihedral angle of 84.6 (8)° with fhvepylbenzene. There is one
intermolecular O1—H1A...N1i (i: -x,1-y,1/2+z) intedan of length 1.88 A which links
adjacent molecules and can be described with a8 kaph-set descriptor on the unary
level [40, 41]. There is no shatt..n ring interactions, but there are two longish C—Hhl...
ring interactions with hydrogen to centroid length2.82 and 2.87 A with the phenol and
propylbenzene rings respectively.

The structure of TMP shows that the N1-C2 bond tler{.2740) conforms to the double
bond for the imine group, while the N1-C11 (1.4B6hd length agrees with the single bonds
for the amine groups [42]. Similar to the PMP, #teicture of TMP is non-planar with the
least square plane through the phenol ring, makidipedral angle of 77.44(8)° with the least
square plane through the toluene ring. There imt@nmolecular O1—H1...N1i (i: 1/2+x,1-
y,z) interaction of length 1.92 A which links adjat molecules and can be described with a
C11(8) graph-set descriptor on the unary level [40]. There is also a long C26—
H26...01ii (ii: 2-x,1-y,1/2+z) interaction of length53 A. There are no shatt..n ring or

X—H...n ring interactions.

13



Table 1: Crystallographic data, data collection aimdcture refinement for the ligands

compound [£)-4-(((4-propylphenyl)imino) (E)-4-((2-tolylimino)
methyl)phenol methyl)phenol

CCDC 1527670 1491358

Empirical formula GeH1-NO CisH15NO

Colour/shape yellow yellow

Formular weight 239.31 g/mol 211.25g/mol

Temperature (K) 200 200

Crystal system orthorhombic orthorhombic

Space group Pca21l Pca21

a/A 10.8946(4) 10.7087(5)

b/A 13.0307(5) 12.0254(5)

c/A 9.3686(3) 9.0344(4)

VIA® 1330.01(8) 1163.42(9)

Z 4 4

Density,Jg/cn? 1.195 1.206

Absorption coefficient (u)/mih  0.074 0.076

F(000) 512 448

Crystal size/mrm 0.06 x 0.25x 0.51 0.18 x 0.29 x 0.50

Omins Omax (°) 2.4,28.3 3.4.28.3

Dataset -14:14, -17:17, -12:12 -14.14, -16.15,121.

Total uniq data, R(int) 18252,3320,0.027 3612881, 0.018

R (1 > 25(1)) 2918 2673

R, WR,,S

Min and Max resd.dens.(e/ A

0.0349, 0.0808, 1.04
-0.16,0.17

0.0310, 0.0806, 1.03
-0.19, 0.15

Table 2: Bond lengths and bond angles of the sgitbd Schiff bases

PMP TMP

Bond lengths Bond angles Bond lengths Bond angles
0O(1)-C(14) | 1.350(2) C(1)-N(1)-C(21)] 118.58(15) O(1#(2| 1.3548(18) | C(2)-N(1)-(11)| 116.20(12)
N(1)-C(1) 1.281(2) C(14)-0(1)-(1A)]  109.00 N(1)-C(2) 2140(18) | C(24)-O(1)-(1) | 109.00
N(1)-C(21) | 1.421(2) N(1)-C(1)-C(11)] 123.93(17) N(LE(1] 1.436(2) N(1)-C(2)-(21) | 125.01(13)
O(1)-H(1A) | 0.8400 O(1)-C(14)-(15)| 117.79(16) O(1)3Hi(| 0.8400 0O(1)-C(24)-(23) 117.86(13)
C(1)-H(1A) | 0.9500 C(11)-C(12)-(13) 121.25(16) C(1)-(1A)0.9800 C(11)-C(12)-13) 116.56(16)
C(25)-C(26) | 1.384(3) N(1)-C(1)-H(1) | 118.00 C(25)-26) 381(2) N(1)-C(2)-H(2) | 117.00
C(24)-H(25) | 1.391 C(12)-C(13)-(13) 120.00 C(26)-26) 50® C(12)-C(13)-13] 119.00

14




(b) Nz 7

Figure 2: (a) Molecular structure ofE)-4-(((4-propylphenyl)imino)methyl)phenolwith
displacement ellipsoids drawn at 50% probabilityele (b) Crystal packing drawn for the

clearest view.
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Figure 3: (a) The molecular structure of (E)-44@Bdimino)methyl)phenol (TMP) with
displacement ellipsoids drawn at 50% probabilityele (b)Crystal packing drawn for the

clearest view.



3.5 Electrochemistry of the studied compounds dd sieel

3.5.1 Potentiodynamic polarization studies

Polarization tests were conducted to probe thetkmef the anodic and cathodic reactions
[43]. Figure 4 presents the results of the effdctifferent concentrations of (PMP) and
(TMP) on the cathodic and the anodic polarizationves of mild steel in 1 M HCI. The
electrochemical data acquired from the polarizatiorves are presented in Table 3. Upon the
addition of the Schiff bases, both the cathodic anddic partial reactions were affected.
Consequently, this caused a further reductionencethodic £:) and anodic current densities
(Ba), and the resulting corrosion current density{. Therefore, the addition of PMP and
TMP diminishes the anodic dissolution and alsodessthe cathodic hydrogen evolution
reaction [43]. As a result of recorded retardabérhe cathodic and anodic current densities
upon the addition of the compounds in the aggressoiution, they can be classified as a
mixed-type inhibitor for the corrosion of MS in 1 MCI [44, 45]. A close inspection of
Figure 4 andcE.,, values given in Table 3 reveals that the addigbthe Schiff bases plays
more active role on the cathodic arm of the Tatetspin addition to the shifting dEqo
values towards more negative region, respectiteladdition, study conducted by Yadav

al. reported that the change k. values above 85 mV suggests that a compound is an
anodic or cathodic inhibitor [46]. In this presesttidy, the highest displacementf;,was
about 46.91 mV towards cathodic direction. Theadifigs support the idea that the studied

ligands function as a mixed-type inhibitor but wittuch more cathodic effect [44-47].
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Figure 4: Polarization curves for mild steel in #itessence (blank) and presence of different

concentrations (in ppm) of PMP and TMP at 303 K.
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Table 3: Tafel polarization parameters for MS i HCI solution in absence and at different

concentration of the inhibitor ligands

Inhibitor Conc  fa(mV/dec) p(mV/dec) -Ecor icorr (A €M) %
(ppm) (mV)

Blank - 98.93 72.08 452.72 236.22 -

PMP 5 151.53 78.43 471.4 119.42 49
10 84.33 123.62 499.63 39.24 83
20 66.04 141.84 488.76 14.64 94
60 48.43 62.99 464.33 14.62 94
80 45.07 61.11 464.06 13.57 94
100 38.86 54.82 459.34 8.74 96

TMP 5 127.72 80.90 481.76 164.74 30
10 133.61 74.14 483.91 132.94 44
20 54.44 122.1 486.59 54.53 77
60 61.25 42.67 493.4 23.87 90
80 58.98 31.88 486.98 20.22 91
100 72.62 35.33 485.62 12.0 95

The inhibition efficiency (%Eppp) presented in Table 3 was computed fromigheusing the

formula:

%IEppp = 100 (1 - 10—) (13)

corr

Wherei®qr andigr are corrosion current densities in the absencepaggence of inhibitors
respectively.

Table 3 shows that as the inhibitor concentratiamaased, there was improved tendency of
corrosion inhibition with corresponding decreaseanrosion current density. This trend can
be attributed to the adsorption of inhibitor molkesuon mild steel-acid interface which
consequently shielded the metal surface from dimeat attack [46]. The lowesd, values
which resulted to maximum inhibition efficiency abted for PMP and TMP were 8.74 and

12.0uA cm® at 100 ppm inhibitor concentration, respectively.
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3.5.2 Electrochemical impedance spectroscopy

Figure 5 shows typical Nyquist plots for mild stéMS) in 1 M HCI in the absence and

presence of different concentrations of PMP and TKIPof the impedance spectra can be
seen to display depressed semicircles with cemiteé®v the real axis. This characteristic
unique property of Nyquist plot is caused by undabie roughness and inhomogeneity of
metal electrodes that result during MS polishing, [48]. The inhibition efficiencie$ol Egs,

were calculated from Nyquist plots by the equation:

Re:—R¢
%lEgs = 100 (F2<) (14)

whereRyandR’; are the charge transfer resistance in the presemte@bsence of inhibitor
respectively. Other derivable relevant impedanda dee reported in Table 4.The impedance
response of mild steel in 1 M HCI solution was ¢seaffected after the addition of all the
ligands, and the impedance of the inhibited sysiteproved significantly with increase in
inhibitor concentration.

In addition, at 100 ppm concentration of ligandsgér diameter semicircles were significant
compared to the other five lower concentrationsigignds (Fig. 5). In the presence of the
Schiff base ligands, the entire Nyquist diagramswad a diminished capacitive loop in the
high frequency (HF) range and an inductive looghe lower frequency (LF) range. The
often observed HF capacitive loop has been asctibége charge transfer process and time
constant of the electric double layer as well as itthomogeneity of the surface which
characterises numerous adsorption activities oralni@d]. Moreover, the LF inductive loop
may be a result of the relaxation process obtalmeddsorption of certain species, in this

instance N and O on working electrode surface [49].
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To ensure a proper interpretation of depressedcs@hes with their foci below the real axis,

a constant phase element (CPE) was introduced vidgikien by [46]:

Z e =[iJ[('w)n]'l 15)

YO
where,Y; is the CPE constangj is the angular frequencyis the imaginary number amuis
the phase shift (exponent). Figure 6 representedésalent circuit employed for the fitting

of impedance spectra. Subsequently, the doubler legpacitancesCy, for the circuit

including a CPE were computed by using the follapéguation:

/n

Cy = (YOR;'”)l (16)

Other useful impedance parameters which incliieR, Yo, N and % obtained from fitting
the recorded EIS data using the equivalent cimukigure 6, are presented in Table 4. The
data in Table 4 indicates thRt; value improved significantly with the concentratiof the
Schiff bases. Consequently, the value of propoaliciactor Yo and Cy obtained was
decreased significantly upon the addition of infwibi However, no regular trend could be
established across concentrations. Such anomaly suggest that possible interaction of
chemical species on MS surface cannot be ruled wlreas the decrease Gy values
connotes successful displacement of water moledhlas have been found to have high
dielectric constant [46]. The change in the valoieR;; andY, can be related to the moderate
displacement of water molecules by Schiff base s on the working electrode surface
which eventually results to the reduction in thenber of active sites exposed to corrosion
[50]. The recorded increase Ry threshold values is usually ascribed to the foiromaof
protective film on the metal/solution interface [487]. The observed stability of values
within the range of 0.78-0.86 is an indication ttieg MS dissolution in the present report is
hugely dependent on the charge transfer proce$siidgeneral, the results recorded for the

inhibition efficiency of the two Schiff bases agstitMS corrosion in 1 M HCI using the EIS
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technique are in tandem with those recorded usifge tPDP technique.
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Figure 5: Nyquist plots for mild steel in theabsermnd presence of different concentrations

of PMP and TMP at 303 K.

CPE

Figure 6: Equivalent circuit employed for the figi of impedance spectra.
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Table 4: Electrochemical impedance parameters radadaior MS in 1 M HCI in the absence

and presence of different concentration of Schaiéligands.

Conc Rs Ret Yo Ca n n%

Inhibitor ~ (ppm) (©Q cm?) (Q cm?) @SSem?  (uSsem?

Blank - 2.50 16.6 677 4000.8 0.84

PMP 5 2.02 32.9 457 2187.3 0.86 50
10 3.35 92.8 241 2525.1 0.81 82
20 2.11 236 169 1271.2 0.84 93
60 4.13 291 116 981.6 0.83 94
80 3.55 300 136 1196.4 0.83 94
100 2.01 342 221 1375.8 0.86 95

TMP 5 3.59 22.9 496 3851.9 0.82 28
10 2.88 28.7 483 3918.6 0.82 42
20 3.38 67.6 371 2954.2 0.83 75
60 2.50 199 175 2390.6 0.80 92
80 3.35 211 143 2623.1 0.78 92
100 4.22 267 129 2456.3 0.78 94

Figure 7 shows the Bode impedance modulus and @mage plots for mild steel in 1 M HCI

in the absence and presence of different conceariraf the Schiff bases. The Bode plots
depict a single peak as can be observed for phage against frequency. This observation
entails that the dissolution of MS is determined&gingle charge transfer process [51].
Furthermore, Daouét al. alluded that this phenomenon is due to a singl@xation time
constant [51]. At higher frequencies, it can beeobsad that the phase angle increased with
resultant increase ascribed to the induction paaglving the connecting cables [52]. In
order to unravel the capacitive behaviour of therersystem under study, the relationship
between log |Z| vs. lobat intermediate frequencies was explored, andepted in Table 5.

It is obvious from the results presented in Figlitbat at intermediate frequencies, there is a
slight broadening of one time constant in the preseof inhibitor which could be due to the
appearance of a surface film [46, 52]. Yadaval. prescribed that an ideal capacitive

behaviour would give a slopé&)(of -1 and maximum phase angte ©f -90 [46]. For the
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present system at intermediate frequencies, thee lad maximum phase angle values in the
range of -0.34 to -0.59; -52.17 to -69.30; and 9@ -0.62;-38.26 to -57.60 for PMP and

TMP respectively were obtained. These deviations loa regarded as departure from the
ideal capacitive behaviour at intermediate frequeEnf46]. As a result of this, at increased
concentrations, both PMP and TMP tend to attaiadstestate (of S and —a) faster than in

their absence. This behaviour reflects the catalgttivity of the two Schiff base ligands

during the MS dissolution process [53].
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Figure 7: Bode impedance modulus and phase angts for mild steel in 1 M HCI in

absence and presence of different concentrati&®#? and TMP.
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Table 5: The slopes of the Bode impedance magniplmis at intermediate frequencie (
and the maximum phase angle3 for MS in 1 M HCI solution in the absence andgemce
of inhibitors

Inhibitor Concentration -S -a
(ppm)

- 0.30 40.47
Blank

5 0.34 52.17
PMP 100 0.59 69.30

5 0.49 38.26
TMP 100 0.62 57.60

3.6 Adsorption study

A good number of previous corrosion inhibition sasdsupport the idea that metal samples in
aqueous medium are usually covered with water dgpatisorbedon the surface of the metal
[44, 45, 54]. As a result, inhibitor molecules tleaentually adsorb onto metal surface do so
via a quasi-substitution mechanism. It is on tloterthat we subjected EIS data obtained in
this research to two adsorption isotherms whichuntes Temkin (Fig. 8a) and Langmuir
(Fig. 8b) models. Incidentally, the Langmuir isotheproduced the best fit from the

experimental data. The Langmuir equation usedtimgi the data is given by:

6 Kads (17)

where,d is the degree of surface covera@gi is the inhibitorconcentration an#,gs is the

equilibrium constant of the adsorption/desorptiancpss. The choice of Langmuir over
Temkin was based on the correlation coefficierf) {Rlues closer to unity that were obtained
for the Langmuir isotherm. In addition, an idealngauir isotherm expects slope around

unity[54], which is in line with values obtainedtims study.
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In order to attribute the adsorption process tbhegiphysisorption or chemisorption, the free
energy of adsorptionAGa.g9 was calculated for the Langmuir isotherm by mgkuse of

equation 18:

NG, =-RTIn(555K ) (8)

Where AGy4s is the standard free energy of adsorptiBns the gas constant afdis the
absolute temperature. The value of 55.5 is thee@mmnation of water in solution in molt

The values oK 4s andAGygs are presented in Table 6. The obtain€iysvalues suggest that
both PMP and TMP adsorb on mild steel surface M HCI via competitive physical and
chemical adsorption mechanisms [45]. The negatiye mainly describes the spontaneity of

the adsorption process [45, 54].
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Figure 8: Representative adsorption isotherms f& M 1 M HCI containing various

concentrations of the studied Schiff base ligaasTemkin and (b) Langmuir.

Table 6: Langmuir parameters representing the atlearmechanism on mild steel surface

obtained from EIS parameters at 303 K.

Inhibitor K agx10® -AG°ags(kJ/mol)
PMP 88.340 38.81
TMP 17.987 34.80
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3.7 Molecular interactions

The frontier molecular orbital and Fukui functiomsre used to explain the reactivity of the
compounds and their various interactions with thefage of the metal. The optimized
structures, highest occupied molecular orbital (HQMowest unoccupied molecular orbital
(LUMO) and the Fukui indices of the Schiff base emiles are presented in Figure 9. Other
guantum chemical parameters as shown in Table & asically calculated from they&uo
and Eymo. The activity of the molecules is determined by Bhomo and Eumo. The higher
value of Eiomo shows its readiness to donate electrons and foordmate covalent bonds
with the empty d-orbitals of the metal atoms thgremhancing the corrosion inhibition
effect. From the studied molecules, PMP has higheko and reasonably low Buo values

that afford it the ability to donate and acceptelens under favourable conditions than TMP.

The energy gapE is smaller in PMP compared to TMP signifying thids unstable, more
polarised, of higher reactivity and can easily beasbed on the metal surface than TMP [46].
The values of the dipole moment are supposed tpastithe other parameters in the sense
that molecules with higher dipoles reflect stronggvole-dipole interactions with metal
surfaces. In otherwords, PMP should have a higipedelmoment than TMP, however, there
are some reports which show that experimental itbib efficiencies sometimes do not
conform to the values of the dipole moments [55-F8pm the Figure 9, there is better
electron distribution in TMP compared to PMP whiatiest to the value of the dipole
moment that measures the polarity of the molecdibs. propyl and methyl groups attached
to the para and ortho positions of the backboneeout¢ respectively have played a
significant role in affecting the surface layertbe molecules. Our result in this research
therefore shows that decrease in dipole momeneases the inhibition efficiency which is

adequately supported by the experimental resulisth€rmore, other quantum chemical
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parameters such as chemical potential, global esétmucleophilicity index and the number
of electrons transferred during the adsorption shdwgher values for PMP than TMP,
thereby confirming the enhanced electron releaamlity of the compound [44, 46, 55].

Apart from the high protective performance offelgdthe synthesized Schiff base inhibitors
which is attributed to the effect of the phenyl @x@dmethine group (—C=N-) in their moiety;
contributing inhibition efficiency could equally bevident from electron-donating groups
attached to the molecules due to their abilityuianish ther-system with more electrons [59,
60]. PMP and TMP have nearly the same size andasimactive centres, but PMP exhibits
higher inhibition efficiency than TMP due to a heghdelocalized electrons emanating from

the propyl attachment than from the methyl.

The local reactivity of the molecules was probeddxyloring their Fukui function as a
measurement of the chemical reactivity; a mearsstertain the reactive regions, that is, the
electrophilic behaviour of the molecule. We obsetivat thef ~ function corresponds to a
certain extent with the HOMO-LUMO locations, indicgy the site that is most susceptible to
electrophilic attacks are theelectron centres delocalized over the entire aticnmengs in

both molecules [47]. In addition, the propyl attaemnt in PMP is also favourable.
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PMP

Figure 9: Optimized structures, HOMO, LUMO and FuKti “)indices for the studied
compounds
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Table 7: Quantum chemical parameters for the sgitbd Schiff base compounds.

compound (2)-4-(((4- (E)-4-((o-
propylphenyl)imino)methyl)phenol tolylimino)methyl)phenol
Dipole moment(debye) 0.7172 1.5561
Enomo(€V) -5.8357 -5.9130
ELumo(eV) -1.6944 -1.7189
AE(eV) 4.1413 4.1941
lonization potential(lp) 5.8357 5.9130
Electron affinity (Ea) 1.6944 1.7189
Chemical potential(j) -3.7651 -3.8159
Absolute hardnesg|( 2.0706 2.0970
Global softness) 0.4829 0.4768
Nucleophilicity index(N) 0.2921 0.2880
Fraction of electron 0.7811 0.7591
transferred AN)
Conclusion

Schiff base compounds are environmentally benggmniids and have been synthesized in this
report. The spectroscopic analysis of the compoumi®aled the characteristic imine
functional groups, and the mass spectra confirhedrtolecular masses of the compounds as
240 g/mol (PMP) and 212 g/mol (TMP).The structaadlysis revealed intermolecular O1—
H1A...N1i (i: -x,1-y,1/2+Z) interaction of length 188A for PMP and intermolecular O1—
H1...N1i (i: 1/2+x,1-y,z) interaction of length 1.$2which links adjacent molecules and can
be described with a C11(8) graph-set descriptortlmn unary level. Both compounds
crystalized as orthorhombic, and TMP showed a dexed propyl group over two positions

in 0.79:0.21 ratios. The C=N bond lengths are 1.A84nd 1.274 A for PMP and TMP
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respectively. The corrosion inhibition efficacied the synthesized compounds were
investigated; and from Potentiodynamic polarizgtioelectrochemical impedance
spectroscopy, adsorption isotherms and quantum ichéncalculations, the following

conclusions were made

1. At higher concentration of the ligands (100 ppiyquist plots with larger diameter
semicircles than the other five lower concentratiof the compounds were obtained. This
showed increased inhibition and the percentageairdut for the two compounds were
approximately the same. The results of potentiodyogoolarization and electrochemical

impedance were in tandem with each other.

2. The obtainedG,4svalues suggest that both PMP and TMP adsorbedildrsteel surface
in 1 M HCI via competitive physical and chemicakarption mechanisms with favourable

compliance to Langmuir model.

3. The quantum chemical parameters and Fukui isdieeealed that PMP and TMP have
nearly the same size and similar active centersPP exhibits a little higher inhibition
efficiency than TMP due to a higher delocalizedcetesns emanating from the propyl
attachment than from the methyl. The Fukui isosu#rfdiagrams showed the delocalisation of

n-electron system over the aromatic rings.

With the results obtained from this research, ttoperties of the compounds are now known
and their behaviour as corrosion inhibitors cowdabsessed with similar compounds in order

to step up the search for more efficient greenasion inhibitors.
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Highlights

* (E)-4-(((4-propylphenyl)imino)methyl)phenol and){4-((2-tolylimino)methyl)phenol were
synthesized

» The crystal structures of the two synthesizedfSbhses were reported
» The experimental and theoretical data were catedlusing DFT calculations

* The corrosion inhibition behaviour of the two 8thases were studied



