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The mechanism of corrosion protection of mild steel by imidazo [1,2-a] azepinium bromides

was considered in this work. These compounds are effective inhibitors of carbon steel

corrosion in acid chloride medium. Their high protective action manifests itself within the

temperature range of 293 to 333 Ê. The inhibition efficiency measured by means of

gravimetric method at 293 Ê is 93.0–96.8%, it changes insignificantly with the temperature.

The inhibition properties of the compounds are caused by the formation of a protective

film of up to 4 nm thickness on the carbon steel surface, which is demonstrated by Auger

electron spectroscopy. The chemisorption of the inhibitors molecules also ensures

considerable protective aftereffect. The correlation between the inhibition efficiency and

molecules energy characteristics, in particular the difference in energy values of lower

vacant and higher occupied molecular orbitals, was determined. The possible realization

of macrocycle effect was shown under the chemisorption of the inhibitors, molecules of

which have four negatively charged adsorption-reaction centres and present a formed

chelate bond.

Keywords: imidazo [1,2-à] azepinium bromides, inhibitor, acid corrosion, carbon steel,

mechanism.

Introduction
The capacity of chemical compounds to adsorb

on the metal surface is important for defining their
anticorrosion properties. That is why the problem of
the adsorption is of particular importance when
studying the inhibitors [1–3].

In works [4,5] we have shown that imidazo[1,2-
a]azepinium bromides are effective for the inhibition
of acid corrosion of carbon steel. At the same time,
the adsorption properties of the inhibitors still require
additional research and the mechanism of their action
has not been fully established yet. These issues are
important for both developing the theory of the
inhibition of carbon steel acid corrosion by
compounds which have the condensed
imidazoazepinium cycle and purposeful synthesizing
new effective inhibitors.

The aim of this study is to determine the
mechanism of imidazo[1,2-a]azepinium bromides
action during the inhibition of acid corrosion of
carbon steel in chloride medium.

Experimental
Imidazo[1,2-a]azepinium bromides have been

studied (Table 1), the synthesis method of which is
presented elsewhere [4].

Table  1

Imidazo[1,2-a]azepinium bromides under study

Br-

N N

OH

R2

R3

R1

No. R1 R2 R3 

I –Н –Н –Н 

II –Н –Сl –Н 

III –Br –ОСН3 –Н 

IV –Br –ОС2Н5 –СН3 

V –ОСН3 –Н –Н 

VI –ОСН3 –Сl –Н 

VII –ОСН3 –ОСН3 –Н 

VIII –ОСН3 –ОС2Н5 –СН3 

IX –ОС2Н5 –Br –Н 

X –ОС2Н5 –ОС2Н5 –СН3 

XI –ОС2Н5 –С4Н6О2 –Н 
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The corrosive tests were carried out by means
of gravimetric method using steel 45 sample of
cylinder form (diameter of 1.410–4 m and height of
1.510–4 m) polished to the 4–5 class of accuracy.
Before being placed in the corrosive medium, the
steel samples were cleaned with alcohol and weighed
by analytical scales with the accuracy of 510–5 g.
Corrosion rate in the presence and in the absence of
inhibitors was calculated with by the following
formula: k=m/(S), where m is the weight loss
of sample (in g); S is the exposed surface area (in
m2);  – exposure time (in hours). Corrosion
inhibition coefficient was calculated by the formula:
=k/k’, where k and k’ are the corrosion rates in the
presence and in the absence of the inhibitor,
respectively. The inhibition efficiency (IE, %) was
calculated using the following equation:
IE=(1–1/)100%.

0.1 Ì, 1 Ì and 2.8 Ì solutions of HCl were
used as corrosive environments. The duration of
corrosion tests was was 24 hours at 293 Ê, and 1
hour at 303 Ê and 333 Ê. Inhibitor concentration
was in the range of 0.510–3–210–3 mol/L.

The existence of the aftereffect was established
while testing steel samples, previously exposed to
the action of the inhibited solutions (24 hours at
293 Ê or 1 hour at 303 Ê), in uninhibited solutions.
The inhibition efficiency was evaluated by the
aftereffect (denominated in IEa.f., %).

The chemical elements distribution in the near-
surface layers of the steel 45 samples was determined
by means of Auger spectrometer ÀÅS-2000 of
combine-laboratory LAS-2000 apparatus, produced
by «Riber» (France), from the surface of 300´300
µm. The energy of the beam of electrons was 3 keV,
the current was 0.5 A. While profiling, the sample
surface was bombarded with argon ions with the
energy 4 keV. The rate of etching was 30 À

î 
/m. Before

testing, the steel 45 samples were immersed in the
inhibited and the uninhibited corrosive medium
(0.1 Ì HCl) in the vertical position. The inhibitor
concentration was 310–3 mol/L. After the exposure
the samples were thoroughly washed with the distilled
water and dried out.

Electrochemical tests were performed by using
potentiostat Ï-5848. A cylindrical steel 45 electrode,
which had been molded into Teflon casing, was used.
The preparation of the electrode surface included
polishing, washing with distilled water and with the
studied solution. A three-electrode cell with the
separated cathode and anode departments was used.
A saturated chloride silver electrode was used as a
reference electrode. The electrode potential
measurements were conducted with the help of

electrolytic bridge and Luggin capillary. An auxiliary
electrode was made of platinum. The chronograms
of the cathode current under the potential of 0.6 V,
that is lower than the stationary one, were recorded
under electrolyte stirring by magnetic stirrer when
the inhibitor was added to the 0.1 Ì ÍCl solution.

All experiments were replicated three times.
Statistical analysis of experimental data (i.e. the values
of the corrosion rate) was conducted by Microsoft
Excel (confidence probability of 95%).

The calculations of the molecule atomic charges
and their energetic characteristics were carried out
using the computer software Chem3D 9.0
(Cambridge Soft).

Results and discussion
The inhibition properties of imidazo[1,2-a]-

azepinium bromides towards the corrosion of steel
45 in 2.8 Ì hydrochloric acid solutions are presented
in Table 2.

The characteristic peculiarity of the studied
inhibitors is their high inhibition efficiency; it is
higher than 88.5% within the temperature range of
293–333Ê. The existence of considerable protective
aftereffect should be noted too.

Table  2

Inhibition efficiency and protective aftereffect of
imidazo[1,2-a]azepinium bromides derivatives

(110–3 mol/L) towards the corrosion
of steel 45 in 2.8 Ì ÍÑl solution

Inhibition efficiency 

293 К 313 К 333 К No. 

IE, % IEa.f, % IE, % IE, % 

I 94.10.3 94.10.3 89,00,6 89.90.6 

II 96.60.4 91.00.4 90.00.6 94.31.0 

III 96.80.4 90.80.5 93.20.6 93.40.6 

IV 95.00.5 90.00.6 96.30.5 98.40.3 

V 93.00.1 88.50.4 93.41.0 90.40.3 

VI 95.01.0 90.30.9 95.30.3 95.50.1 

VII 96.10.5 90.30.7 95.70.4 95.10.6 

VIII 94.60.5 88.80.4 93.80.6 93.00.3 

IX 93.40.1 89.70.3 96.60.5 98.10.4 

X 95.60.3 90.10.6 97.20.5 98.30.1 

XI 97.30.4 90.20.8 97.40.4 98.20.7 

 

The inhibition efficiency of imidazo[1,2-a]-
azepinium bromides depends to a small degree on
their concentration. For example, with an increase
in the concentration of compound with No. III from
0.510–3 mol/L to 2.010–3 mol/L, the inhibition
efficiency increases only from 95.9% tî 97.1%. With
a decrease in medium acidity the inhibition efficiency
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of the compounds reduces a little, but remains still
high: the inhibition efficiency of compounds with
No. II, III and IV in 0.1 Ì ÍÑl is equal to 89.2,
90.8 and 92.1%, respectively. This can indicate the
chemisorption of inhibitors on the steel.

The results of Auger electron spectroscopy
(Fig. 1), obtained while testing the steel samples
surface, exposed to uninhibited and inhibited
solutions (by compounds No. IV), demonstrate the
formation of the surface compounds.

The iron depth distribution indicates that Fe
concentration after the depth of 15 nm is the highest
for the sample etched in the inhibited solution
(Fig. 1,a). This is explained by the existence of the
corrosion products, oxygen-containing compounds,
on the surface of the sample immersed in the
uninhibited solution. The content of carbon for the
sample etched in the inhibited solution is also high
since the molecules of the inhibitors contain this
element (Fig. 1,b). For the sample etched in the
inhibited solution, nitrogen can be observed in a
small amount up to the depth of 3.6 nm (Fig. 1,c),
which definitely shows the formation of the
polymolecular protective film. The concentration of
oxygen in the film of the steel 45 sample immersed

in the inhibited solution is considerably low as
compared with the uninhibited one (Fig. 1,d). The
mass fraction of oxygen in molecule of compounds
with the number IV is 0.061%; hence, one can
conclude that the inhibitor adsorption occurs on the
thin layer of the oxygen-containing corrosion
products.

The molecules of the imidazo[1,2-a]azepinium
bromides compounds can be characterized by higher
electron density at practically all possible adsorption-
reaction centres (nitrogen and oxygen atoms); in
addition, there are either negative or low positive
charges at nitrogen atom of heterocyclic system. This
causes bond formation by transferring electrons from
adsorption-reaction centres to the iron d-orbital.

It should be mentioned that we failed to observe
any correlation between the charges at certain
adsorption-reaction centres and the protection degree
of imidazo[1,2-a]azepinium bromides compounds.
This is illustrated in Fig. 2 using nitrogen atom N2

as an example.
A high ability of the molecules of compounds

No. I–XI to transfer electrons to metal and create
the bonds with its surface and surface compounds is
also confirmed by quantum-chemical calculations
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Fig. 1. The elements depth distribution for steel 45 samples etched in 0.1 Ì HCl inhibited and uninhibited solutions:

à – iron; b – carbon; c – oxygen; and d – nitrogen;  –– 0.1 M HCl;  –– 0.1 M HCl In IV

a                                                                                      b
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(Table 3): imidazo[1,2-a]azepinium bromides are
characterized by high energies of higher occupied
molecular orbital (ÅHOMO).
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Fig. 2. Charges at N2 atoms of imidazo[1,2-a]azepinium

bromides compounds with the inhibition efficiency

of 93.0%–97.3% (steel 45 in 2.8 Ì ÍÑl)

According to the molecular orbital theory
developed by Fukui [6], molecular reactivity is
defined by the energy difference of the lower
unoccupied (ÅLUMO) and higher occupied molecular
orbitals. The use of such approach allows establishing
the correlation between the inhibition efficiency and
the difference (ELUMO–EHOMO) (Fig. 3). This is
consistent with the studies of the correlation
«inhibition activity – quantum-chemical indices»
carried out by Lukovits [7] and Khalil [8].

According to the hard and soft acids and bases
concept (HSAB), the bond “soft-soft” or “hard-
hard” reagent are preferred. The value of energy gap
(ELUMO–EHOMO) indicates the «hardness» of the

studied molecules of the compounds [6]. Due to the
appearance of the corrosion products layer, the steel
surface also acquires the properties of the hard reagent
[9], which facilitates the creation of strong bonds
between the molecules of imidazo[1,2-a]azepinium
bromides and metal surface.

IE = -3.76(ELUMO - EHOMO) + 129.14

R
2
 = 0.93
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Fig. 3. Correlation between the inhibition efficiency (IE)

of imidazo[1,2-a]azepinium bromides in 2.8 Ì ÍÑl and

(ELUMO–EHOMO)

The inspection of cathodic chronoammograms
recorded on steel samples in the prescience of the
addition of imidazo[1,2-a]azepinium bromides to
0.1 Ì ÍÑl solution (Fig. 4) revealed the group of
compounds (No. III, V, VI and VII), the equilibrium
time of which reaches 300 s which is typical
characteristic of chemisorption [10], and the group
of compounds (No. IV, VIII and X), for which the
equilibrium time is much shorter (up to 60 s). This
indicates that the macrocycle effect is realized during
the chemisorption of the compounds of the second

Charges on the atoms Molecule energy characteristics 
No. 

N1 N2 O1 О2 О3 ELUMO, еV EHOMO, еV (ELUMO – E HOMO), еV 

I 0.1396 –0.4724 –0.3684 – – 0.1666 –9.0703 9.2369 

II 0.0344 –0.3169 –0.3369 – – –0.3095 –8.9530 8.6435 

III 0.0371 –0.1751 –0.3365 – –0.2032 –0.0045 –8.7061 8.7016 

IV –0.1078 –0.3037 –0.3512 – –0.2026 0.0227 –9.1241 9.1468 

V 0.0324 –0.3114 –0.3375 –0.2035 – –0.0154 –8.7894 8.7740 

VI 0.0340 –0.3180 –0.3371 –0.2031 – –0.3010 –8.8415 8.5405 

VII 0.0371 –0.3192 –0.3379 –0.2064 –0.2057 0.0431 –8.7569 8.7999 

VIII –0.1172 –0.1393 –0.3729 –0.2014 –0.2005 0.1594 –8.9200 9.0794 

IX 0.1886 –0.5278 –0.4044 –0.2003 – –0.5366 –8.8510 8.3144 

X –0.1166 –0.1332 –0.3716 –0.2039 –0.2006 0.0092 –8.9366 8.9457 

XI 0.0320 –0.3178 –0.3364 –0.2039 
–0.1902 

–0.1586 
–0.0779 –8.8732 8.7953 

 

Table  3

The charge distribution at the main adsorption-reaction centres (N1 as the nitrogen atom mutual for the heterocyclic
system; N2 is the nitrogen atom of imidazo cycle; Î1 is in ÎÍ– group; Î2 is in R1; and Î3 is in R2) and energy

characteristics of imidazo [1,2-a] azepinium bromides molecules
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group. The molecules of inhibitors No. IV, VIII and
X form a chelate bond (four negatively charged
adsorption-reaction centres), and the formation of
chelate occurs much faster.

Conclusions
High inhibition efficiency (93.0%–98.4%) of

imidazo[1,2-a]azepinium bromides in acid chloride
environment is explained by their adsorption
properties. The mechanism of inhibition efficiency
implies the formation of surface compounds and a
thin (4 nm) polymolecular protective film. As
molecules of imidazo[1,2-a]azepinium bromides
contain four negatively charged adsorption-reaction
centres, the macrocycle effect occurs, substantially
reducing the time of chemisorption.
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Fig. 4. Cathode chronoammograms measured on steel 45 samples immersed in 0.1 Ì ÍÑl after adding 110–3 mol/L of inhibitors:

à – In VII, In IX, In III, and In VI; b – In VIII and In IV. The electrode potential is 0.6 V
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²ÍÃ²ÁÓÂÀËÜÍÀ Ä²ß ÁÐÎÌ²Ä²Â ²Ì²ÄÀÇÎ
 [1,2-À] ÀÇÅÏ²Í²Þ ÏÐÈ ÊÎÐÎÇ²¯ ÂÓÃËÅÖÅÂÎ¯ ÑÒÀË²
Ó ÊÈÑËÎÌÓ ÕËÎÐÈÄÍÎÌÓ ÑÅÐÅÄÎÂÈÙ²

².Ì. Êóðìàêîâà, Î.Ñ. Áîíäàð, Â.². Âîðîáéîâà,
Î.Å. ×èãèðèíåöü

Ó ñòàòò³ çàïðîïîíîâàíî ìåõàí³çì çàõèñíî¿ ä³¿ áðîì³ä³â
³ì³äàçî [1,2-à] àçåï³í³þ. Ö³ ñïîëóêè º åôåêòèâíèìè ³íã³á³òîðà-
ìè êîðîç³¿ âóãëåöåâî¿ ñòàë³ â êèñëèõ õëîðèäíèõ ñåðåäîâèùàõ â
³íòåðâàë³ òåìïåðàòóð 293–333 Ê. Ñòóï³íü çàõèñòó, âèçíà÷å-
íèé ãðàâ³ìåòðè÷íèì ìåòîäîì, ïðè 293 Ê ñòàíîâèòü 93,0–
96,8%, ³ç ï³äâèùåííÿì òåìïåðàòóðè â³í çì³íþºòüñÿ íåçíà÷íî.
Çàõèñí³ âëàñòèâîñò³ ñïîëóê çóìîâëåí³ óòâîðåííÿì íà ïîâåðõí³
âóãëåöåâî¿ ñòàë³ çàõèñíèõ ïë³âîê òîâùèíîþ äî 4 íì, ùî äîâåäå-
íî ìåòîäîì Îæå-ñïåêòðîñêîï³¿. Õåìîñîðáö³ÿ ìîëåêóë òàêîæ
çàáåçïå÷óº çíà÷íèé åôåêò çàõèñíî¿ ï³ñëÿä³¿. Âñòàíîâëåíî çà-
ëåæí³ñòü åôåêòèâíîñò³ ³íã³áóâàííÿ â³ä åíåðãåòè÷íî¿ õàðàêòå-
ðèñòèêè ìîëåêóë, à ñàìå â³ä ð³çíèö³ çíà÷åíü åíåðã³é íèæ÷î¿
âàêàíòíî¿ òà âèùî¿ çàéíÿòî¿ ìîëåêóëÿðíèõ îðá³òàëåé. Ïîêà-
çàíà ìîæëèâ³ñòü ðåàë³çàö³¿ ìàêðîöèêë³÷íîãî åôåêòó ïðè õåìî-
ñîðáö³¿ ³íã³á³òîð³â, ìîëåêóëè ÿêèõ ìàþòü ÷îòèðè íåãàòèâíî
çàðÿäæåíèõ àäñîðáö³éíî-ðåàêö³éíèõ öåíòðè òà ÿâëÿþòü ñîáîþ
ñôîðìîâàíèé õåëàòíèé âóçîë.

Êëþ÷îâ³ ñëîâà: áðîì³äè ³ì³äàçî [1,2-à] àçåï³í³þ,
³íã³á³òîð, êèñëîòíà êîðîç³ÿ, âóãëåöåâà ñòàëü, ìåõàí³çì.
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