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a b s t r a c t

In this study, an approach was proposed to employ new target branched compounds (TBCs) including
multiple antibiotic norfloxacin frameworks for intensified adsorption films to achieve super protection
of mild steel in HCl medium. Thus, the TBCs containing bis/tri norfloxacin skeletons were synthesized
by multi-step preparation route. In addition, the reference linear compound (RLC) including a single nor-
floxacin part was also synthesized. The chemical structures of these compounds were confirmed by var-
ious means. It was demonstrated that the TBCs could form the tough adsorption films on the surface of
mild steel, which could be processed mainly through chemisorption effect. The electrochemical analysis
suggested that the TBCs displayed superior corrosion inhibition performance for low carbon steel in
1.0 mol�L�1 HCl solution over the RLC (RLC, 87.80%; TBC1, 97.63%; TBC2, 98.35%), which was further
understood by the molecular modelling. The isotherm adsorption plots were employed to analyze the
spontaneous adsorption process of the TBCs on low carbon steel surface, and a prominent chemisorption
could be inferred by the standard Gibbs free energy changes of the adsorption.
� 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Organic branched compounds, which are belongs to dendritic
structural molecules, are composed of cores and branched skele-
tons. This means that based on molecular preconstruction, differ-
ent branch parts can be connection with cores by chemical
bonding to build a single branched molecule. It is noted that such
a branched compound may be an ‘‘amplifier” if multiple functional
groups are included for special purposes. Hence [1], branched com-
pounds are found in a variety of fields such as optical, opti-
electronic and biomedical fields.

With the development of chemical industry, mild steel is insep-
arable from processing of products, since it has fine thermal con-
ductivity, electrical conductivity and ductility. Hence, mild steel
is widely applied in machinery, buildings, vehicles, aeronautics
and astronautics, instruments, agriculture, military and the other
fields [2]. Mild steel easily loses electrons during oxidation, form-

ing positively charged Fe ions, which thus react with O2, CO2 and
H2O in the air to yield various metallic compounds such as hydrox-
ide, carbonate, bicarbonate, etc. Therefore, severe rust is often
formed on mild steel surface in the air, which may restrain its
broad application prospects [3]. Hence, inorganic acid pickling is
normally required to remove rust on mild steel. On the other hand,
acid cleaning can lead to serious corrosion on mild steel surface,
which may bring threatens to steel-based applications. Thus, it is
necessary to achieve sufficient protection of mild steel in acid
solution.

At the current, a number of ways are employed to prevent mild
steel from corrosion in acid medium, such as inert metal coating
and anodizing etc. [4–7]. In the recent decades, organic corrosion
inhibitor method has been receiving intensive interests because
of individual advantages of simple operation, convenient process-
ing and low-costs. Normally, organic corrosion inhibitor molecules
contain lone pair electrons or delocalized p electrons in polar func-
tional groups, heterocycles, aromatic rings and unsaturated cova-
lent bonds [8], which thus can chelate with Fe atoms bearing d-
empty orbitals. Hence, these compounds may display chemical
interactions with mild steel, and adsorption films are formed on
metal surface, which can prevent the contact of attacking species
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with mild steel surface, and thus the anticorrosion effect may be
realized in acid medium. Green chemical engineering requires peo-
ple to develop eco-friendly organic molecules as remarkably effi-
cient corrosion inhibitors for mild steel, which means the
achievement of super protection of metal at low concentrations
of organic inhibitors. However, it is difficult to seek such friendly
and effective organic corrosion inhibitors.

Therefore, one of main concerns in this study attempts to pro-
pose a method to reach the above purpose. For this aim, this work
proposes to employed norfloxacin frameworks based branched
compounds as the target inhibitors through molecular pre-
building. It is noted that norfloxacin is a common clinical medicine
and non-toxicity to our humans and animals [9]. In particular, nor-
floxacin contains N-heterocyclic rings and p bonds and the other
heteroatoms. Hence, the target branched compounds (TBCs)
including double and triple norfloxacin frameworks may be
strongly adsorbed to mild steel surface through chemical adsorp-
tion, thus hindering inorganic acid attacking metal surface. For
comparisons, the reference linear compound (RLC) bearing a single
norfloxacin skeleton was also studied.

2. Experimental

2.1. Materials and characterization

The target branched compounds (TBCs 1, 2) and the reference
linear compound (RLC) were prepared in our own laboratory based
on Fig. 1. The intermediates (I1, I2, I3) were also prepared followed
by Fig. 1. The starting materials for synthesis of the studied com-
pounds, such as norfloxacin (98%), 1,3,5-tris(bromomethyl)benzene
(97%), a,a’-dibromo-p-xylene (98%) and benzyl bromide (98%) were
purchased from the Sigma-Aldrich Chemical Corporation. The other

chemical reagents including methanol, acetonitrile, dichloro-
methane, sodium hydroxide (NaOH), potassium carbonate
(K2CO3), trifluoroacetic acid (TFA) and anhydrous sodium sulfate
were obtained from the Acros Chemical Corporation.

The chemical structures of the intermediates and final com-
pounds were characterized by 1H NMR (600 MHz), 13C NMR
(125 MHz) and 19F NMR (400 MHz) 1D spectra at room tempera-
ture (298 K) with a nuclear magnetic resonance instrument (Bru-
ker Corporation). The NMR peak of tetramethyl silane (TMS) was
used as a reference point to identify the chemical shifts of NMR
peaks of the samples. The FT-IR spectroscopy of the samples was
determined by a Nicolet iS50 Fourier transform infrared spectrom-
eter (Thermo Scientific Apparatus Corporation). The COSY spectra
of the target samples (2D 1H NMR spectra, 400 MHz) were per-
formed with nuclear magnetic resonance instrument (Avance
Neo 400). The element analysis of the studied compounds was sur-
veyed with a CE440 elemental analysis meter from the Exeter Ana-
lytical Inc. The mass spectrometry of the target molecules was
measured by an ESI (Electro-Spray Ionization)-MS technique with
a Waters Acquity SQD. The detail synthesis and characterization
were provided in Supplementary Material.

2.2. Surface characterization of mild steel

The metal samples were machined frommild steel ASTM A283C
(American Society for Testing andMaterials, 10 cm� 10 cm� 1 cm)
containing 0.23% (mass) C, 0.17% (mass) Si, 0.40% (mass)Mn, <0.05%
(mass) S, <0.045% (mass) P and the rest was Fe. The polished steel
surface was carried out with 400, 800, 1200, 2000, 3000, 5000 grits
SiC waterproof sandpaper, respectively. Then, the steel samples
were further rapidly washed with deionized water and absolute
ethanol and dried under vacuum. Then, immediately immersed

Fig. 1. Chemical structures and synthesis routes of the studied compounds.
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the polishedmild steel in amixedDMSO/HCl solution (0.01mol�L�1)
(volume ratio, 80/20) containing the studied compounds (TBCs and
RLC) for 8 h to reach the self-adsorption equilibrium.

The adsorption behaviors of the studied compounds on mild
steel surface were further confirmed and studied by scanning
transmission electron microscopy (SEM), atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS) and X-ray diffrac-
tion (XRD). The determination was performed by a PHI 5700 spec-
trometer equipped with an Al Ka X-ray source (1486.6 eV)
corrected for the C 1s aliphatic carbon contamination peak at
284.8 eV [10]. The surface roughness of mild steel uncovered and
covered by the studied compounds was investigated by AFM
(MFP-3D-BIO, Asylum Research, America), respectively. The sur-
face morphologies of blank steel and steel samples adsorbed by
the investigated molecules were surveyed by SEM (Jeol-JSM-3.5
CF, Japan) at an accelerating voltage of 5.0 kV. The element energy
dispersive spectroscopy (EDS) of the metal surface covered by the
RLC and TBCs was carried out by an EDS system (EDAX EDS Ele-
ment, America). All the measurements were conducted at the room
temperature.

2.3. Electrochemistry analysis

All the electrochemical experiments were performed with a
CHI660C electrochemistry working station (Shanghai Chenhua).
The measurements were based on a conventional three-electrode
system. The processed mild steel was used as the working elec-
trode, saturated calomel electrode (SCE) was employed as the ref-
erence electrode, and a 2.0 cm � 2.0 cm platinum electrode was
utilized as the counter electrode.

All potentials obtained in electrochemical tests are based on
open circuit potentials (OCPs) measurements. Therefore, an open
circuit potential test for 1800 s was required to ensure that the sur-
face of the mild steel electrodes reached a stable state, thereby
obtaining the stable voltage.

Once a stable open circuit voltage was obtained, the electro-
chemical impedance spectroscopy (EIS) experiments could be fur-
ther conducted. The initial voltage was the measured stable EOCP
value, the sweep frequency ranged from a high frequency
100 kHz to a low frequency 0.01 Hz, and the amplitude of the AC
interference signal was 5.0 mV. Finally, the corresponding equiva-
lent circuit diagram was employed to perform simulation analysis
through a ZSimp Win3.10 software, and the corresponding electro-
chemical impedance parameters were gained. The corrosion inhi-
bition efficiency based on the electrochemical impedance was
computed by Eq. (1) [11]:

gE ¼
Rct � Rct;0

Rct
� 100% ð1Þ

wherein Rct,0 and Rct represented the charge transfer resistance of
the electrodes unadsorbed and adsorbed by the studied compounds,
respectively.

The potentiodynamic polarization curve (Tafel) was further
tested, the polarization potential range was EOCP ± 0.25 V, and
the polarization scanning rate was 1.0 mV�s�1. The corrosion inhi-
bition efficiency based on the potentiodynamic polarization curve
was computed by Eq. (2) [12]:

gj ¼
Icorr;0 � Icorr

Icorr;0
� 100% ð2Þ

wherein Icorr,0 and Icorr showed the corrosion current density of the
electrodes unadsorbed and adsorbed by the studied compounds,
respectively.

In order to gain good reproducible data, three electrochemical
experiments were performed under the same conditions as above.

2.4. Molecular modelling

The molecular geometry optimization of the target molecules
TBC1 and TBC2 (the original forms) was conducted with a Gaussian
09 software on the basis of the density functional theory (DFT)
[13]. The geometrically optimized molecules were acquired by
using the B3LYP method with a 6-311++G (d, p) basis set [14].
The mixed solvents of DMSO/0.01 mol�L�1 HCl solution (80/20, vol-
ume ratio) were used as the medium in the optimization computa-
tion. The quantum chemical indices, such as the Mulliken charges,
the highest occupied molecular orbitals energies (EHOMO), the low-
est unoccupied molecular orbitals energies (ELUMO) and the energy
gaps (DE = ELUMO � EHOMO), the electronegativity (v), the hardness
(g), softness (r) and charge transfer fraction (DN), dipole moment
(l) were acquired and analyzed [15].

Furthermore, the protonation forms of the studied molecules
were also optimized. The protonated forms used in the optimiza-
tion computation were analyzed to have the similar pKa values to
that of the medium (with a prediction software of ACD/Percepta
v2020.1.0 based on classic algorithm). Thus, it is considered that
these predicted protonated forms can be the most possible struc-
tures among the protonation forms. The molecular geometry opti-
mization was performed as the above-described for the original
forms.

3. Results and Discussion

3.1. Synthesis and characterization

The TBCs were successfully synthesized and the chemical struc-
tures were fully verified. For example, the single 1H NMR peak of H
(i) (dH, 1.563) (1D1H NMR) indicates that the Boc group was intro-
duced to yield the I1 (Boc-norfloxacin). The peaks of H (c, d) (dH
7.334 and 7.322) suggest that a benzyl bromide fully reacted with
the I1 to give the I2. The lost NMR peak of the Boc group means
that a full deprotection of Boc was finished and the I3 was yielded
(please see the molecular characterization, SI). It is shown that the
Boc group could be easily introduced and removed during the syn-
thesis. In addition, the peaks of H (d, f) (dH 7.343 and 5.378) show
that a benzyl bromide might well react with the I3 to give the final
compounds.

The NMR peaks of H (d, e, g) (dH 7.348, 7.336 and 5.368 ppm)
infer that one a,a0-dibromo-p-xylene molecule was coupled with
two I3 molecules (Fig. 2). The NMR peaks of H (d, f) (dH 7.354,
5.377, Fig. 2) indicate that a complete coupling of one 1,3,5-
tribromomethylbenzene molecule with three I3 molecules
occurred. In particular, the whole norfloxacin molecular backbone
could be kept safely by using inorganic/organic acids or bases, indi-
cating that the final compounds might show dramatic acid/base
tolerance. In addition, the pure final products could be easily iso-
lated by simple washing and precipitation in ether (Not necessary
to employ column chromatography or HPLC), which guaranteed us
to obtain the purified target compounds at grams scale in the
laboratory.

The 2D 1H NMR spectra (COSY) show that the positions at
(4.18, 1.52) represent the HAH of ACH2ACH3 in the g-position
and k-position in the RLC (Fig. S1), and the h-position and
l-position in the TBCs (Fig. 2), respectively. The positions located
at (3.31, 2.73) show the HAH of ACH2ACH2A in the i- and
j-positions in the RLC and the j- and k-positions in the TBCs,
respectively. The positions located at (7.50, 7.39) suggest the
c- and d-positions in the RLC and the d-, e-positions (HAH of
ACHACHA) in the TBCs, respectively. Hence, the COSY 2D 1H
NMR spectra also confirm that the target compounds were nicely
prepared and isolated.
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3.2. The adsorption of the studied compounds on mild steel surface

3.2.1. SEM micrographs
As shown in Fig. 3 and Fig. S2, the surface appearance of themild

steel surface, including the freshly polished blank steel, the polished
blank steel immersed in 1.0 mol�L�1 HCl solution for 24 h, and the
polished steel covered by the studied compounds immersed in
1.0 mol�L�1 HCl solution for 24 h is characterized by the SEMmicro
imaging. Fig. 3(a) shows the surface morphology of the newly pol-
ished mild steel is smooth with a small amount of wear marks
caused by the ground. However, after the blank steel plate is
immersed in 1.0 mol�L�1 HCl solution for 24 h, the wear scars are
completely destroyed, and the steel surface is dissolved and cor-
roded, and full of corrosion bands, peaks and spots (Fig. 3(b)).

The surface morphologies of the target compounds covered
steel specimens after immersion in 1.0 mol�L�1 HCl solution for
24 h were also measured (Fig. 3(c)–(h)). Overall, the target com-
pounds form tight adsorption films on the mild steel surface, and
the ground marks on the polished steel surface are covered by
the TBCs adsorption films. Furthermore, it is found that the best
adsorption layers of the TBCs on the metal surface (the most com-
pact and uniform films) are formed at 0.100 mmol�L�1, which com-
pletely covers all the polished traces, thereby protecting the metal
from the corrosion in HCl solution. It is further shown that the
adsorption films of the TBCs are tighter than that of the RLC

(Fig. S2), indicating the better anticorrosion effect of the TBCs lay-
ers on the mild steel plate.

3.2.2. EDS spectra
The EDS spectra of the studied mild steel surface after immer-

sion in 1.0 mol�L�1 HCl solution for 24 h, uncovered and covered
by the target compounds are shown in Fig. S3. As compared with
the bare mild steel surface, the oxygen content of the low carbon
steel surface adsorbed by the target molecules shows a sharp
decrease, indicating that the corrosion products on the metal sur-
face are reduced. The EDS spectrum shown in Fig. S3(a) suggests
that no additional characteristic peaks of N and F atoms (contained
in the target molecules) are found in the bare metal surface. There-
fore, the results indicate that the target compounds are adsorbed
on the steel surface to reduce the corrosion rate in HCl solution.
In addition, it is found that the adsorption of N element on the steel
surface covered by the TBCs adsorption films is more than that
adsorbed by the RLC adsorption layer (comparing with Fig. S3
(b)–(d)), suggesting the stronger adsorption and better anticorro-
sion effects of the TBCs on mild steel.

3.2.3. AFM micrographs
Fig. 4 shows the AFM micrographs and corresponding height

distribution maps of the surface of the steel sheet after immersion
in 1.0 mol�L�1 HCl solution for 1 h, including the freshly ground

Fig. 2. The 1D and 2D COSY 1H NMR spectra of the target compounds: (a) TBC1, (B) TBC2.
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blank steel plate and the steel plates adsorbed by the TBCs. Fig. 4(a)
shows that the surface of the polished mild steel plate is relatively
smooth, and its average roughness is only 5.706 nm. On the con-
trary, Fig. 4(c) suggests that the blank mild steel plate surface is
corroded severely in acid solution, and a rough structure with huge
pits and peaks are observed, and the average roughness reaches
61.106 nm.

Fig. 4(e)–(h) suggest the atomic force three-dimensional struc-
ture and corresponding height distribution maps of the steel sam-
ples covered by the adsorption layers of the TBCs after immersion
in HCl solution. It is shown that the surface of the steel sheet is
kept relatively smoothly, and the corresponding average roughness
values are around 10 nm. Besides, the corresponding height distri-
bution map gives a quite flat curve with height fluctuations only
within 50 nm. This indicates that the TBCs adsorption layers can
effectively prevent from the corrosion of mild steel surface in acid
medium. The AFM microscopy also suggests that the steel surface
covered by the TBCs (Fig. 4(e), (g)) is flatter than that adsorbed by
the RLC (Fig. S4), reflecting that the adsorption films of the TBCs on
the steel plate are more compact. Therefore, a more pronounced
preservative effect of the TBCs adsorption films may be achieved.

3.2.4. The XPS spectroscopy
The TBCs adsorbed on surface of the mild steel sheet was ana-

lyzed by the XPS spectroscopy to further study the adsorption
mechanisms. Figs. 5–8 show the XPS spectra of Fe, C, O, N elements
on the studied steel sheet surface. The steel samples covered by the

TBCs was soaked in 1.0 mol�L�1 HCl solution for 1 h, and the blank
steel sample was also included in 1.0 mol�L�1 HCl solution for 1 h
as a reference control.

Fig. 5 shows the Fe 2p3/2 XPS of the studied blank steel sheet
(Fig. 5(a)), the steel sheet covered by the TBC1 (Fig. 5(b)) and
TBC2 (Fig. 5(c)). Table S1 lists the corresponding resolved parame-
ters of Fe 2p3/2 XPS. Besides, the Fe 2p3/2 XPS spectroscopy and the
corresponding resolved parameters of the mild steel plates covered
by the RLC are shown in Fig. S5 and Table S1.

The Fe 2p3/2 XPS spectrum of the blank steel sheet shows that
the peak fittings are located at Fe2O3/Fe3O4 (710.44 eV), FeOOH
(712.15 eV) and FeCl3 (715.23 eV). The Fe 2p3/2 XPS spectra of
the steel sheets adsorbed by the TBCs are divided into the three
convolution peaks. For example, to the TBC1, Fe0 (706.43 eV),
Fe2O3/Fe3O4 (710.00 eV) and FeOOH (712.33 eV), and to the
TBC2, Fe0 (706.47 eV), Fe2O3/Fe3O4 (709.89 eV) and FeOOH
(711.80 eV) [16]. The above results show that both the blank sam-
ple and the steel plate adsorbed by the TBCs have the XPS signals of
Fe3+ and Fe2+. However, Fe0 signal is found on the mild steel plate
surface covered by the TBCs. The results indicate that the TBCs
adsorption layers on the mild steel plate surface can effectively
inhibit the oxidation of iron, showing the excellent anticorrosion
performance.

Fig. 6 shows the C 1s XPS spectra of the studied steel surface,
and the corresponding parameters are shown in Table S2. The
resolved C 1s XPS spectrum and parameters of the steel surface
covered by the RLC are given at Fig. S6 and Table S2. The C 1s

Fig. 3. SEMmicrographs of mild steel surface after immersion in 1.0 mol�L�1 HCl solution for 24 h: (a) the newly polished steel specimen, (b) the bare polished steel specimen
after immersion, (c)–(e) the polished steel specimens covered by the TBC1 of various concentrations (0.100, 0.150 and 0.200 mmol�L�1) after immersion, (f)–(h) the polished
steel specimens covered by the TBC2 of various concentrations (0.100, 0.150 and 0.200 mmol�L�1) after immersion.
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XPS spectrum of the blank steel sheet shown in Fig. 6(a) is fitted to
the three deconvoluted peaks at 285.00 eV, 286.41 eV and
289.62 eV, corresponding to the characteristic peaks of CAC/C@C,
CAO and C@O, respectively [17]. These peaks can be yielded by
the carbon contamination in the air [18]. While, the C 1s spectra

of the mild steel plate surface adsorbed by the TBCs contain the
four deconvoluted peaks, which suggests that the four chemical
forms of carbon are found on the surface of the steel sheets. The
main peak at 285.11 eV in the C 1s XPS spectrum XPS spectrum
of the mild steel covered by the TBC1 is mainly due to the contam-

Fig. 4. AFM micrographs of the studied freshly polished mild steel specimen after soaked in 1.0 mol�L�1 HCl solution for 60 min: (a) the studied freshly polished mild steel
specimen, (c) the studied polished mild steel specimen after the soaking, (e) the studied polished mild steel specimen surface covered by the TBC1 after the soaking, (g) the
studied polished mild steel specimen surface covered by the TBC2 after the soaking, and (b), (d), (f), (h) are the corresponding height profile graphs of to (a), (c), (e), (g),
respectively (the adsorption time, 8 h, at 0.150 mmol�L�1).
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ination of hydrocarbons and the CAC/C@C bond contained inside
the TBC1 (Fig. 6(b)). The other three peaks are located at
286.73 eV, 288.38 eV and 289.37 eV, corresponding to the charac-
teristic peaks of CAO, CAN and C@O, respectively. Fig. 6(c) is the C
1s XPS spectrum of the TBC2 covered mild steel surface. The main
peak at 285.02 eV is mainly due to the contamination of hydrocar-
bons and the CAC/C@C bond contained inside the TBC2. The other
three peaks are located at 286.66 eV, 287.73 eV and 289.05 eV, cor-
responding to the characteristic peaks of CAO, CAN and C@O,
respectively. It is found that the C 1s XPS spectra of the TBCs
adsorbed steel sheets showmore obvious CAO, C@O and CAN peak
as compared to those of the RLCs covered steel sheet, indicating
that the target compounds are adsorbed on the steel sheet surface
more efficiently.

Fig. 7 shows the O 1s XPS energy level spectra of the blank steel
sheet and the steel sheets adsorbed by the TBCs, and the corre-
sponding parameters are listed in Table S3. The O 1s XPS energy
level spectrum of the steel sheet adsorbed by the RLC is presented
in Fig. S7. Fig. 7(a) shows the O 1s XPS energy level spectrum of the
blank steel sheet, which can be divided into the two deconvolution
peaks of Fe2O3/Fe3O4 and FeOOH at 529.25 eV and 530.92 eV,
respectively [19]. However, the O 1s XPS energy level spectrum
of the mild steel samples covered by the TBCs can be divided into
three convolution peaks, namely Fe2O3/Fe3O4, FeOOH and CAO/
C@O (Fig. 7(b), (c)), for example to the TBC1, 529.39 eV,
530.82 eV, 531.51 eV, TBC2, 531.47 eV, 529.76 eV, 529.16 eV).
The existence of CAO/C@O also confirms that the target branched

compounds are adsorbed on the surface of mild steel plates. And it
is shown that the CAO/C@O peak of the TBC2 covered steel plate
displays the largest intensity, indicating the greatest and tightest
adsorption film on the mild steel specimen.

Fig. 8 shows the N 1s XPS energy level spectra of the TBCs
adsorbed on the steel surface. The corresponding parameters are
shown in Table S4. The XPS energy level spectrum of N 1s on the
steel surface covered by the RLC is shown in Fig. S8. The XPS energy
levels of the steel samples confirm the two chemical environments
of N 1s, including CAN and NAFe. The peaks at 399.04 eV and
399.36 eV are the characteristic peaks of the CAN group, which
can be generated by the target compounds [20]. The N 1s energy
level peaks at 400.44 eV and 400.67 eV may be the characteristic
peaks of the N-Fe complex, which indicates that nitrogen atoms
in the target compounds can coordinate with iron atoms to drive
the adsorption on mild steel surface [21].

3.2.5. X-ray diffraction (XRD) spectroscopy
Fig. 9 shows the X-ray diffraction spectroscopy of the mild steel

plate adsorbed by the TBCs and the blank mild steel plate after
immersion in 1.0 mol�L�1 HCl solution for 30 min. It is shown that
the X-ray diffraction pattern of blank steel sheet (steel-bare) has
the three peaks located at 11.5� (FeOOH), 22.6� (FeOOH) and
33.7� (Fe3O4) [22]. This can be attributed to the corrosion of steel
producing oxides and hydroxides. The other three peaks are Fe0

peaks (45.0�, 65.5�, 82.8�) [23]. However, only the three Fe0 peaks
remain on the surface of mild steel sheets adsorbed by the TBCs,

Fig. 5. (a) Fe 2p3/2 XPS spectra acquired from investigated blank steel surface, and Fe 2p3/2 XPS spectra obtained from studied steel specimens adsorbed by (b) the TBC1 and
(c) the TBC2, after incubated in HCl solution for 60 min.
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indicating that the adsorption films of the target branched mole-
cules can inhibit the corrosion of steel in hydrochloric acid med-
ium. In contrast, the X-ray diffraction pattern of the RLC-
adsorbed mild steel sheet shows the four peaks, including Fe0

peaks (45.3�, 65.4�, 82.5�) and a FeOOH peak at 11.5�. Hence, the
X-ray diffraction pattern shows that the corrosion inhibition effect
of the target branched compounds is more remarkable than that of
the reference linear molecule.

3.3. Electrochemistry analysis

3.3.1. Polarization curves
Fig. S9 shows the open circuit potential-time relationships of

the blank steel electrodes obtained in 1.0 mol�L�1 HCl solution
and the steel electrodes adsorbed by different concentrations of
the TBCs, and the corresponding dynamic potential electrodes are
shown in Fig. 10. The Tafel curve of steel sheet adsorbed by the
RLC is located in Fig. S10. The results show that the above elec-
trodes display similar electrochemical mechanisms, which are
composed of oxidation reaction at the anode branch (mainly the
process of losing electrons) and reduction reaction (the process
of gaining electrons) at the cathode branch. The electrochemical
parameters (corrosion potential (Ecorr), corrosion current density
(Icorr), corrosion rate (CR), Tafel cathodic slope (bc), Tafel anodic
slope (ba) and corrosion inhibition efficiency (gj) obtained from
the polarization curves are listed in Table S5.

It is shown that the cathode branches in the Tafel curves the
steel electrodes adsorbed by the TBCs are located at a lower posi-
tion on the vertical axis, and the corrosion current density Icorr val-
ues are significantly lower than that of the blank steel electrode.
The decreasing trend is more dramatic with increasing the concen-
trations of the TBCs from 0.010 mmol�L�1 to 0.150 mmol�L�1. This
phenomenon can be explained by the increase of the adsorption
amounts and the coverage areas of the TBCs on the steel surface,
which may block the metal dissolution in the active zone more
effectively.

Seen from Fig. 10, the positive and negative parts in the Tafel
curves of the TBCs adsorbed electrode move to negative potentials
with respect to the zero-charge potential, indicating that the TBCs
adsorption layers on the working steel electrodes can inhibit the
cathodic and anodic redox processes, thereby preventing the mild
steel from being damaged in corrosive acid solution. The polariza-
tion results suggest a mixed anodic and cathodic inhibitory mech-
anism [24,25].

The cathodic branches follow the same pattern in all the sam-
ples, demonstrating the cathodic inhibition of the mild steel elec-
trode surface covered by the TBCs in acid solution [26]. In
addition, the invariant hydrogen evolution reaction mechanism
in the cathode region can be further inferred by observing the par-
allel branches. The cathodic protection performance is more
remarkable, but the anodic protection cannot be negated [27]. As
can be seen from the polarization curves, the anode branch is also
affected by the adsorption of the target molecules on the working

Fig. 6. (a) C 1s XPS spectra obtained from the investigated bare steel surface, (b) C 1s XPS spectra yielded from the studied mild steel specimens absorbed by the TBC1, (c) C 1s
XPS spectra yielded from the studied mild steel specimens absorbed by the TBC2, after the metal samples immersed in HCl solution for 60 min, respectively.
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mild steel electrodes. Therefore, the target compounds show both
cathodic and anodic protection for mild steel in acid medium
[28]. But to a certain extent, since the displacement in the cathodic
direction is larger than that in the anodic direction, it can be
deduced that the inhibition of the cathodic reactions of the steel
electrodes covered by the TBCs is more prominent.

Table S5 shows that the values of Icorr decrease with the
increase of the TBCs concentrations in a range of 0.010–0.150 mm
ol�L�1, and reach a minimum value at 0.150 mmol�L�1. Further-
more, the corrosion inhibition efficiencies (gj) arrive at a maximum
value at 0.150 mmol�L�1. While as the concentration is at
0.200 mmol�L�1, the corrosion inhibition efficiencies show a down-
ward trend. It suggests that the adsorption films of the TBCs on the
steel working electrodes can be looser at the concentration of
0.200 mmol�L�1. Moreover, the Ecorr exhibits a similar change ten-
dency as the Icorr, which moves to the negative direction with an
increase of the concentrations of the TBCs. This phenomenon fur-
ther confirms that the anticorrosion effect of the TBCs adsorption
layers on mild steel in hydrochloric acid medium is mainly
achieved by preventing from the cathodic electrode reaction [29].

The slope values of the Tafel curves (ba, bc) obtained at different
concentrations are similar, further indicating that the corrosion
reaction mechanism is not changed by the concentrations of the
TBCs. To the adsorbed working electrode, if the negative value of
Ecorr is less than 85 mV as compared with the corresponding blank
electrode, it is consistent with the mixed-type cathodic and anodic
mechanism. It can be further seen from Table S5 that the
deviations of the Ecorr values of the steel electrodes covered by

the studied compounds as compared with the blank electrodes
are all within 85 mV.

Therefore, the studied molecules can be regarded as mixed-type
corrosion inhibitors [30], which can be adsorbed on the active sites
of metallic steel surface, thereby reducing the anodic metal disso-
lution and cathodic hydrogen evolution reaction, thus inhibiting
the electrochemical reaction [31]. Meanwhile, the variations of
corrosion current density are caused by the adsorption films of
the TBCs and RLC on the steel sheet surface.

3.3.2. Electrochemical impedance spectroscopy (EIS)
The corrosion inhibition effect of different concentrations of the

studied molecules on mild steel in HCl medium was further deter-
mined by electrochemical impedance spectroscopy (EIS). The
Nyquist curves and Bode plots of the blank steel electrodes and
the steel electrodes covered by the TBCs are shown in Fig. 11(a)–
(d). The Nyquist and Bode curves of the RLC covered steel electrode
are shown in Fig. S11.

To the EIS spectrum of blank mild steel electrode in acid solu-
tion, the equivalent circuit shown in Fig. 12(a) can be used for
the fitting the plots, herein Rs means the resistance of solution
between working electrodes and reference electrons, Rct is the
resistance of charge transfer, Rf is the resistance of pore solution.
Besides, the constant phase element CPEf consists of membrane
capacitance Cf and deviation parameter n1, and the CPEdl comprises
double-layer capacitance Cdl and deviation parameter n2. As shown
in Fig. 11, the Nyquist curves of the TBC1 covered steel electrode
consist of a single capacitive arc, which is a concave semicircle

Fig. 7. (a) O 1s XPS spectra detected from investigated bare steel surface, (b) O 1s XPS spectra from surveyed steel specimen surface treated by the TBC1, (c) O 1s XPS spectra
from surveyed steel specimen surface treated by the TBC2, after the metal samples immersed in HCl solution for 60 min, respectively.
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formed by charge-transfer resistance and double-layer capaci-
tance. It can be fitted with the equivalent circuit shown in Fig. 12
(b), where Rf is the pore solution resistance.

It can be seen in Fig. 11 that as the imaginary impedance value
exceeds 2000, a straight line at 45� to the coordinate axis appears
on the impedance complex plane graph, and a diffusion tail
appears in the Nyquist graphs, indicating that the electrochemical
process is controlled by the activation of the concentration polar-
ization. This is the Warburg impedance that occurs due to the
diffusion-induced concentration polarization.

The equivalent circuit shown in Fig. 12(c) can be used for the fit-
ting the Nyquist plots as well. The reason for this phenomenon
may be that at the higher concentrations of the adsorbed target
molecules, the Nyquist diagrams contain the Warburg impedance
due to the simultaneous existence of charge transfer control and
diffusion control in the acid solution. While at the lower concentra-
tions, mainly owing to the charge transfer control, this phe-
nomenon occurs when the ratio of the both is equal at high
concentrations [32]. The corresponding equivalent circuit dia-
grams R(Q(RO)), R(Q(R(Q(R)))), (R(Q(R(Q(RW)))) are fitted by the
ZSimpWin software. The EIS plots of the RLC covered steel elec-
trode that are given in Fig. S11 suggest that there is absence of
Warburg impedance phenomenon, probably because the charge
transfer control is more competitive.

The results show that the capacitive arc of the steel electrode
adsorbed by the TBCs increases with the increasing concentrations
of the adsorbed TBCs in a range of 0.010–0.150 mmol�L�1, meaning
the corrosion inhibition of the steel electrodes is enhanced. The
capacitive arc decreases as the concentration continues to increase
until 0.200 mmol�L�1. This indicates that the adsorption capacity of
the TBCs on the surface of the working electrode becomes weaker
at 0.200 mmol�L�1. Therefore, the corrosion resistance of the steel
electrodes is also weakened accordingly at 0.200 mmol�L�1 of the
TBCs.

The Bode plots show that as the TBCs concentrations increase
from 0.010 mmol�L�1 to 0.150 mmol�L�1, the impedance values
increase over the defined frequency range, reaching the maximum
at 0.150 mmol�L�1. Likely, the maximum phase angle values
increase with the increasing concentrations of the TBCs (0.010–
0.150 mmol�L�1). However, the impedance value and phase angle
value of the steel electrodes adsorbed by the TBCs of
0.200 mmol�L�1 show a decrease. Furthermore, it is noted that
the magnitude of the charge transfer impedances and the magni-
tude of the phase angles (Fig. 11(b), (d)) also display the same

trend as the capacitive arc radius. With the increase of the TBCs’
concentrations, the charge transfer resistance gradually increases,
and the phase angle gradually increases. The maximum phase
angle regions of the adsorbed TBCs steel electrodes are wider than
that of the blank steel electrode.

The obtained electrochemical parameters are listed in Table S6.
Furthermore, the smaller v2 values reflect the rationale equivalent
circuit diagrams. The Rs values represent the impedance of the
electrolyte solution; Rct shows the charge transfer resistance; Rp

is the pore solution resistance; and W stands for the Warburg
impedance. In addition, the constant phase element CPEf includes
the membrane capacitance Cf and the dispersion effect index n1,
and CPEdl includes the double layer capacitance Cdl and the disper-
sion effect index n2. The ZCPE and Cdl values can be obtained from
the CPE parameters Y and n from Eqs. (3) and (4) [33–35].

ZCPE ¼ 1
Y jxð Þn ð3Þ

Cdl ¼ Y0ðxÞn�1 ¼ Y0 2pf Zim�Max

� �n�1
ð4Þ

Herein, Y0 means the admittance of electrochemical system, j
represents the imaginary root, x shows the angular frequency, n
is the deviation parameter ascribed to phase shift. f Zim�Max

is the fre-
quency at the peak imaginary part in a Nyquist curve.

As shown in Table S6, the Rct and Rpore values obtained by fitting
the corresponding equivalent circuit diagrams increase with
increasing the concentrations in a range of 0.050–0.150 mmol�L�1.
This may be due to the corrosion inhibition effect of the TBCs
adsorbed on the working steel electrodes. However, the double-
layer capacitances Cf and Cdl decrease significantly in a concentra-
tion range of 0.010–0.150 mmol�L�1 as compared with the blank
electrode due to the adsorption of the TBCs on the steel surface.
The possible reason for this phenomenon is that the thickness of
the protective layer increases with the increase of the adsorption
amounts of the TBCs, so that the adsorption of the TBCs reduces
the contact surface of water molecules and aggresive ions with
the metal surface. Therefore, the corrosion inhibition efficiencies
gi value defined by the charge transfer resistance can reach a max-
imum value at 0.150 mmol�L�1.

However, the corrosion inhibition efficiencies of the TBCs
decrease as the concentrations further increase till 0.200 mmol�L�1.
The fitting parameter n is between 0.7 and 1.0, indicating that the
equivalent circuit may well describe the charge transfer process of

Fig. 8. (a) N 1s XPS spectra from surveyed steel specimen surface treated by the TBC1, (b) N 1s XPS spectra from surveyed steel specimen surface treated by the TBC2, after
the metal samples immersed in HCl solution for 60 min, respectively.
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metal corrosion. The small error values v2 suggest that the equiv-
alent circuit fitting results are consistent with the actual process of
electrode corrosion in acid solution [36]. Combined with the EIS
results of the steel electrode covered by the RLC (Table S6), it can
be seen that the change tendency of its corrosion inhibition effi-
ciencies with the concentration changes is consistent with those
of the TBCs. But its maximum corrosion inhibition efficiency
(87.80%) is much lower than that of TBC1 (97.93%) and TBC2
(98.35%), which may be related to the different molecular
structures.

3.3.3. Adsorption isotherms plots
The adsorption isotherms were studied to verify the adsorption

of the studied compounds on mild steel substrates. Thus, Langmuir
[37], Temkin [38], Frumkin [39] and Freundlich [40] models are
employed to fit the experimental results. A very close 1.00 of R2

suggest that the most reasonable fitting could follow the Langmuir
isotherm (Eq. (5)) [41,42].

c
h
¼ 1

Kads
þ c ð5Þ

Herein, Kads shows the adsorption equilibrium constant, and c is
the concentration of the studied compounds.

Fig. S12 suggests that the Langmuir model is reasonable, and
the standard adsorption free energy changes can be obtained by
the following Eq. (6) [43]:

DG0
ads ¼ �RT ln 55:55� Kadsð Þ ð6Þ

wherein R shows the molar gas constant (8.314 J�mol�1�K�1), T is
the absolute temperature (298.15 K).

Fig. S12 and Table S7 show the adsorption isotherms and ther-
modynamic parameters of the TBCs and RLC on mild steel surface.
The linear correlation coefficients R2 of the adsorption isotherms of
the TBCs on the surface of mild steel are both 0.9999, demonstrat-
ing that the TBCs can be adsorbed to the metal surface to form pro-
tective layers for inhibiting the dissolution of metal in hydrochloric
acid solution.

The negative DG0
ads indicates that the adsorption of TBCs on the

mild steel surface is a spontaneous process. As the absolute value
of DG0

ads is equal to or less than 20 kJ�mol�1, the organic molecules
act on the metal surface through physisorption, which can be
caused by electrostatic interaction and van der Waals force. While
the absolute value of DG0

ads is equal to or greater than 40 kJ�mol�1,
it indicates that an organic molecule is adsorbed on the metal sur-
face with a chemisorption, that is, this compound transfers elec-
trons to the metal surface to form chemical coordination bonds
[44,45].

It is found that the absolute values of DG0
ads of the TBCs are

greater than 40 kJ�mol�1 (40.98 kJ�mol�1, 41.89 kJ�mol�1), suggest-
ing that the studied molecules display strengthened chemisorption
on the mild steel surface. In contrast, the absolute value of DG0

ads of
the RLC between 20–40 kJ�mol�1 reflects the occurrence of both
physisorption and chemisorption on mild steel surface.

3.4. Molecular modelling

The optimized structures, frontier orbital density distributions
and Mulliken charges and the associated quantum chemical
parameters of the RLC, TBCs are shown in Figs. S13, S14 and Tables
S8, S9. Fig. S14(a) shows that the highest occupied orbital energy
level EHOMO and the lowest occupied orbital energy level ELUMO of
the TBCs are almost concentrated on the quinolone backbone,
but they are not distributed on the phenyl rings linkers. It indicates
that the quinolone ring and the benzene ring in the planar struc-

Fig. 9. XRD patterns of corroded blank steel surface and corroded steel samples
adsorbed by the studied molecules (0.150 mmol�L�1) (after immersion in acid
solution for 1 h).

Fig. 10. (a) Tafel curves for blank mild steel electrodes and mild steel electrodes covered by the TBC1 in 1.0 mol�L�1 HCl solution, (b) Tafel curves for the mild steel electrodes
adsorbed by the TBC2 in 1.0 mol�L�1 HCl solution.
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ture can not only donate electrons to form coordination bonds with
metal ions, but also accept metal electron pairs to form feedback
bonds [46].

The EHOMO value is related to the electron donating ability of an
organic molecule. The larger the value is, the more unstable the

electrons are and the easier it is to donate electrons. The ELUMO

value represents the electronic property of an organic matter to
accept other compounds containing lone pair electrons. The lower
the value is, the easier it is to obtain electrons from the metal sur-
face. In addition, the energy gap (DE) is an important parameter

Fig. 11. Nyquist diagrams (a), (c), Bode plots (b), (d) in 1.0 mol�L�1 HCl solution for the studied naked mild steel electrodes, and the metal surface covered by the TBC1 (a), (b)
and TBC2 (c), (d) of different concentrations.

Fig. 12. Equivalent circuit models fitting EIS experimental data for (a) blank metal sample and (b), (c) the TBCs covered metal sample in this study, Rs means the resistance of
solution between working electrodes and reference electrons, Rct is the resistance of charge transfer, Rf is the resistance of pore solution. CPEf represents the constant phase
element, Cf is membrane capacitance, n1 is deviation parameter, Cdl shows double-layer capacitance, n2 is deviation parameter.
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that can be an indication of the interaction ability of an organic
molecule with metal atoms and shows that the compound is easily
adsorbed on metal surface to form an adsorption protective layer
[15]. The lower the value of DE is, the higher stability for the
formed complex is. Combined with the Tables S8 and S9, notably,
the DE values (TBC1, 0.1329 eV, TBC2, 0.1148 eV) of the TBCs are
lower than that the RLC (0.1689 eV), which reflects the stronger
chemical chelation of TBCs with metallic substrate than that of
RLC. This may be due to the increase numbers of norfloxacin skele-
tons, which leads to the more rigid and symmetrical geometry of
the TBCs.

The structural parameters of the studied molecules can be
obtained through quantum chemical calculation (Tables S8 and
S9), including the highest occupied molecular orbital energy
(EHOMO), the lowest occupied molecular orbital energy (ELUMO),
the energy level difference (DE = ELUMO � EHOMO), the electronega-
tivity (v), the hardness (g), softness (r) and charge transfer fraction
(DN), dipole moment (l).

The values of v, g, r, DN are obtained by the following Eqs. (7)–
(10) [47]:

g ¼ �1
2

EHOMO � ELUMEð Þ ð7Þ

v ¼ �1
2

EHOMO þ ELUMEð Þ ð8Þ

r ¼ 1
g

ð9Þ

DN ¼ vFe � vi

2 gFe þ gið Þ ð10Þ

wherein vFe and gFe show the absolute subversion and absolute
hardness of iron, vi and gi represent the absolute subversion and
absolute hardness of the organic molecules. In order to obtain the
DN values, we adopt the theoretical values of vFe = 7.0 eV and
vFe = 0 by assuming that for a metallic bulk –EHOMO = �ELUMO since
they are softer than the neutral metallic atoms [48,49]. Thus, the
quantum chemical parameters of the studied compounds are in
Table S8.

The electronegativity (v) is the ability of an element’s atoms to
attract covalently bonded electron pairs [50]. It can be seen that
the electronegativity of TBC2 is generally greater than that of
TBC1 and RLC. This shows that TBC2 molecules are easier to attract
empty d electrons of metals than TBC1 and RLC molecules. Gener-
ally, the higher the hardness, the greater the van der Waals force
between molecular skeletons, and the molecules may entangle.
Therefore, it is not easy to deform under external force [51]. That
is, the intermolecular force is large, the hardness is large, and the
intermolecular arrangement is closer. For contrast, the softness is
opposite. By comparing the hardness (g) and softness (r) in
Table S8, it can be seen that TBC2 molecules are more difficult to
deform than TBC1 and RLC molecules. The values of DN suggest
the tendency within a set of molecules, but the absolute values
are not corresponded to the reality, which means that the DN val-
ues are not exactly the numbers of electrons leaving the donors
and entering the acceptors [52].

The dipole moment l also helps to predict the corrosion inhibi-
tion effect of an organic molecule. The increase of the dipole
moment means an increase of the deformation energy and an
enhancement of the adsorption on the mild steel surface [53].
According to the theoretical parameters in Table S8, the TBCs can
be tightly adsorbed on the metal surface through the chemical
coordination bonds, which is consistent with the experimental
results. The l values of RLC, TBC1 and TBC2 are 8.7736 D,
16.7433 D and 25.6312 D, which are much larger than that of

water molecules (1.85 D), which can replace the adsorption of
water molecules on the metal surface to isolate the erosion of cor-
rosive species.

It is noted that the protonated forms of the studied molecules
are also processed molecular geometry optimization (see
Fig. S15, Tables S9 and S10), since the adsorption was carried out
in mixed DMSO/HCl solution. Although the electron cloudy distri-
bution in the frontier orbitals in the protonated forms is different
from that in the original neutral forms (Fig. S15(a)), the similar
contrasting molecular optimization results such as the DN values
and DN values are found (Table S9), which further demonstrates
that the protonated studied molecules can be adsorbed to mild
steel surface, and the protonated TBCs are more capable for the
affinity with the metal.

It can be seen from Table S10 that the EHOMO and ELUMO values of
protonated TBCs are generally lower than the original target mole-
cules. It shows that after the protonation, the molecule is more
stable and easier to obtain electrons from the metal surface.
Fig. S15 shows that the highest and lowest occupied orbital energy
levels of TBCs are mainly concentrated on the quinolone skeleton.
Moreover, the protonated TBCs have lower energy gap values (DE,
TBC1 (Protonated), 0.1120 eV, TBC2 (Protonated), 0.1040 eV),
which reflects that the protonated TBCs have stronger chemical
chelation with the metal substrate than the unprotonated mole-
cules. From the electronegativity (v), hardness (g) and softness
(r) in Table S10, it can be seen that the electronegativity of the pro-
tonated TBCs is generally stronger than that of original neutral
TBCs. Thus, the electron attraction of protonated molecules to steel
surface is stronger. It can also be seen that the molecular stability
after the protonation is enhanced.

Furthermore, it may be a correlation between the organic
molecular sizes and the ability to defend the steel surface under
the destructive conditions. The larger the molecular structure size
is, the greater the corrosion inhibition efficiency is [54]. Therefore,
as compared with the RLC, the TBCs display the larger molecular
surface areas and thus the better anticorrosion effect.

3.5. A proposed adsorption and the steel corrosion-resistance of the
studied molecules

According to the reports, the anodic reaction or metal dissolu-
tion is as follows [55,56]:

Feþ Cl� ! ðFeCl�Þads ð11Þ

ðFeCl�Þads ! ðFeClÞads þ e� ð12Þ

ðFeClÞads ! FeClþ þ e� ð13Þ

FeClþ þ e� ! Fe2þ þ Cl� ð14Þ
The cathodic reaction or hydrogen evolution reaction is as

follows:

FeþHþ þ e� ! ðFeHþÞads ð15Þ

ðFeHþÞads þ e� ! ðFeHÞads ð16Þ

ðFeHÞads þHþ þ e� ! FeþH2 ð17Þ
The adsorption mechanism of an organic molecule on the steel

surface generally includes physisorption and chemisorption. First,
as soon as Fe ions on mild surface are produced, the original neu-
tral form of the RLC (some parts inside the RLC molecular skeleton
can have part of negative charges due to electron cloudy density
distribution) may be directly adsorbed to mild surface based on
electrostatic attraction effect, van der Waals force and p-p
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interactions. Besides, Cl� ions in the adsorption medium can be
pre-adsorbed to on carbon steel surface to form Cl� anionic bridge.
Thus, some protonated RLC molecules (carrying positive charge)
can be further adsorbed on the pre-adsorbed Cl� bridge formed
on mild steel surface via the p electrons of the aromatic rings, elec-
trostatic attraction effect and van der Waals force. Even if to the
original neutral RLC molecules, they may be adsorbed on Cl� bridge
covered on steel surface (because some parts inside the RLC molec-
ular skeleton may carry part of positive charges due to electron
cloudy density distribution). These adsorption processes can be
considered as the physisorption. On the other hand, the RLC carry-
ing lone pair of electrons (N, O) of heteroatoms may chelate with
the empty orbitals of iron, which thus can be adsorbed to mild
steel surface to inhibit the anodic dissolution of metal working
electrode. This is thought as the chemisorption. Thus, the RLC exhi-
bits the mixed corrosion inhibition behavior on carbon steel sur-
face in HCl solution.

For more detail description, in the presence of halide ions
bridge, the adsorption and anticorrosion of the RLC can be mainly
attributed to the halide ions pre-adsorbed on metal surface. Hence,
the interactions between the both (RLC and Cl�) through the elec-
trostatic attraction, van der Waals force and p-p effect increase the
adsorption coverage on the metal surface, thereby reducing the
dissolution of the metal. Thus, in the first step, the RLC molecules
(including the original neutral form and protonated form) are
adsorbed on the metal steel surface, usually replacing one or more
water molecules or chloride ions originally adsorbed on the metal
surface, as shown in the Eqs. (18)–(20) [57,58]:

Cl� ! ðCl�Þads ð18Þ

xInhþ þ xðCl�Þads ! xðCl� InhÞads ð19Þ

xInhþ þ xðH2OÞads ! xðH2O� InhÞads ð20Þ
wherein (Inh)ads are the RLC molecules (including the original neu-
tral and protonated forms), and x is the numbers of water molecules
replaced by the inhibitor.

In a word, the steel sheet provides a positive charge in DMSO/
HCl adsorption medium (because of Fe ions, resulting in pre-
adsorption of chloride ions (through electrostatic attraction due
to the negative charge of Cl� ions) [59]. Therefore, the RLC (includ-
ing the neutral original and protonated forms) can interact with
the pre-adsorbed Cl� ions through non-covalent interactions to
produce physisorption [60].

But, the RLC (Inh) can chelate with iron ions adsorbed on the
mild steel surface to form metallic iron-RLC complexes as shown
in the Eq. (21) [61]:

Fe2þ þ ðInhÞads ! ½Fe� Inh�2þads ð21Þ
Thus, this means that the RLC can be chemically bonding via the

unfilled orbitals of Fe atoms, and thus the chemisorption may be
processed by donating the lone electron pairs of heteroatoms or
by donating the p electrons (i.e. CAC and CAO) of the RLC and by
providing the empty orbitals of Fe included in steel [62].

For contrast, such chemisorption can be more remarkable for
the TBCs, because free Fe ions are reduced by the strong and rapid
chemical chelation between the TBCs and Fe ions. This means that
free Fe ions adsorbed onmild steel surface are largely consumed by
the chemical coordination with the TBCs. Thus, the chemisorption
is extremely competitive, and the physisorption on steel surface
may be negligible. The metallic organic complexes of TBCs can be
different hexadentate ligand compounds such as ‘‘four-to-three”,
‘‘two-to-two”, ‘‘two-to-one” or ‘‘one-to-one” chelation, which
may be more efficiently yielded than the RLC-Fe ions complexes
(Fig. S16). Thus, the proposed schematic diagram of the adsorption

of the studied compounds on mild steel can be interpreted as
shown in Fig. S17.

4. Conclusions

In conclusion, this study presented friendly bis/tri norfloxacin
scaffold-based target branched compounds for the protection of
mild steel in 1.0 mol�L�1 HCl solution based on molecular precon-
struction. Meanwhile, the reference linear compound carrying a
single skeleton was also synthesized. The chemical structures of
the studied molecules were characterized. A number of means
demonstrated that the target compounds displayed spontaneous
adsorption on mild steel surface, and the compact adsorption films
of the target branched molecules were formed, which could be dri-
ven by prompt and tough chemical chelation between the TBCs
and Fe ions. The electrochemical analysis suggested that the TBCs
exhibited superior anticorrosion of mild steel in acid medium over
the RLC, which could be processed by mixed the cathodic and the
anodic inhibition, while the cathodic prevention performance
might be more competitive. The molecular modelling indicated
that the TBCs showed the lower energy gaps of HOMO-LUMO
and the larger DN and dipole moments than the RLC, which could
account for the prominent chemisorption of the TBCs on mild steel
surface, while the RLC might process a mixed physisorption and
chemisorption. The molecular geometry optimization of the proto-
nation forms of the TBCs suggests that the protonated TBCs have a
stronger affinity with mild steel surface than the original netural
forms. The above results presented in this study could guide us
to develop large-scale norfloxacin-based compounds as green
organic corrosion inhibitors for mild steel in aggressive acid
environments.
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