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Adsorption of Amino Acid Inhibitors on Iron Surface: A
First-principles Investigation
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ABSTRACT: Amino acids are environment friendly organic inhibitors for most metals. The study on adsorption behavior
of inhibitor molecules on metal surfaces has profound theoretical significance in understanding the anticorrosive mechan-
ism and designing novel corrosion inhibitors. Based on first principles approach, the adsorption behaviour of three amino
acid molecules (i.e., glycine, alanine, and leucine) on iron surface was studied in linear combination of atomic orbitals
method with the Dmol3 package. Firstly, the morphology parameters of iron crystal surface were calculated, and then a
suitable crystal face was chosen as the adsorption surface. Finally, some parameters including adsorption energy and pro-
jected density of states were calculated to explain the inhibition mechanism. The Fe(110) surface was an optimal simula-
tion surface among the three common faces. Three molecules exhibited vertical adsorption structure on Fe(110) surface.
The absolute values of adsorption energy were 2.233 eV, 2.254 eV, and 2.472 eV for glycine, alanine and leucine, respec-
tively. The results were consistent with rank of experimental inhibition efficiency. The adsorption can reduce work func-
tion value of Fe(110) substrate. The Hirshfeld charge analysis shows that there is an electronic transfer process from the
inhibitors to Fe substrate in all chemisorbed configurations. The analysis of state density suggests that several covalent
bonds are formed between active atoms and Fe surface atoms in amino acid molecules. Bond energy plays a decisive role
in the inhibitive efficiency of corresponding inhibitors.
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The corrosion of metal can result in a great eco-
nomic loss for the industry, and one of the most effi-
cient methods to protect metals is the use of organic
inhibitors!' !, We usually think that the inhibitors can
be adsorbed on the metallic surfaces, which can slow
down the cathodic reduction reaction and the anodic
dissolution process of the metals'* !, In fact, the anti-
corrosive mechanism in the aqueous phase is very com-
plex, and it can be viewed as a result of several com-
peting effects as described below.

As shown in Fig.1, there is usually four different
interaction forms in a realistic corrosive environment,
i.e., the interplay between the inhibitor-solvent, sub-
strate-solvent, inhibitor-substrate, and solvent-solvent
interactions. Generally, most researchers suggest that
the inhibitor-substrate interaction plays a decisive and
leading role in the adsorption process because there
usually exist strong chemical bonds between them!®*!.
The solvent (usually water molecule) interacts weakly
with the hydrophobic substrate such as iron and there-
fore can be easily replaced by inhibitors. Under this
circumstance, the substrate/vacuum model appears rea-
sonable to research the adsorption behaviour of corro-
sion inhibitors on the metal surface. Among the organic
inhibitors, amino acid compounds are attractive owing
to their nontoxicity, biodegradability and cost efficien-
cy. However, little attention has been paid to how these
organic surface modifiers bind to metal surfaces, and
why seemingly minor modifications in the structures of
organic active compounds can have a profound effect
on their inhibition efficiency. Many researchers®'*!
have investigated the interactions between organic in-
hibitors and metal surface by molecular dynamics si-
mulation method, in gas phase or aqueous phase. How-
ever, one can only perform qualitative analysis by this
approach, and it is very embarrassing for force field to
describe the electron transfer processes. On the other
hand, density functional theory (DFT) stands out from
all first-principles quantum mechanical methods for the
simulation of materials, as it enables very good ap-
proximations for the complicated components of elec-
tronic motion called exchange and correlation'>"!, It
is helpful to develop novel corrosion inhibitor mole-
cules in an efficient and cost-effective manner for use in
a number of corrosion systems for domestic and indus-
trial applications!"®..
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Fig.1 Typical schematic of the anticorrosion mechanism for
corrosion inhibitors
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In this work, we focused on the adsorption of gly-
cine, alanine, and leucine on the surface of iron using
DFT calculations. The studied amino acid molecules
have proven experimentally to be efficient against the
corrosion of steel in HCI solution, and the inhibition
efficiency follows the order: glycine < alanine <
leucine!'”!. In order to study the micro-process of corro-
sion inhibition, the most stable adsorption configura-
tions, work function changes, density of states, as well
as charge density difference were theoretically analyzed.

1 Computational Methods and Modeling

Firstly, to select an appropriate adsorption surface,
the crystal “Morphology” module within Materials Stu-
dio (MS, BIOVIA Inc.) was used to predict the mor-
phological characteristic of the iron facets. Then, all
other DFT calculations in this work were performed
using the DMol® module!"® (also embedded in MS) with
numerical atomic orbital basis sets. The exchange-
correlation functional of Perdew, Burke, and Ernzerh of
(PBE)"™ was adopted. The double-numerical plus
polarisation (DNP) basis sets were used in the expan-
sion of the Kohn-Sham orbitals and the orbital confin-
ing cut-off was set as 0.46 nm. A Fermi smearing of
0.001 Ha was also used to improve computational per-
formance. The core electrons of all of the atoms were
represented by DFT semi-core pseudopotentials (DSPP)",
where the effect of core electrons is substituted by a
simple potential including some degree of relativistic
effects. A 6x6x1 Monkhorst- Pack k-point mesh was
utilized to sample the Brillouin zone of the unit cell.
Spin polarization was used when needed.

All calculations used slabs of four layers with the
bottom two layers constrained in their bulk positions
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and the top two layers along with the adsorbate were
allowed to fully relax. A vacuum thickness of 2 nm was
used to separate each slab from its neighbouring images
along the z-direction. For the geometry optimization
calculations, the convergence tolerance was set to
1x10°° Ha for energy, 0.02 Ha/nm for maximum force,
and 0.0005 nm for maximum displacement. Moreover,
the self-consistent field (SCF) tolerance was set to
1x10°® Ha with multipolar expansion through an octu-
pole moment. For further computational details see our
previous publications, in particular Ref. [21] and also
Ref.[22]. The calculated lattice constant of a-iron is
0.288 nm, which is in good agreement with the relevant
literature %),

Generally, the hydrogen atom in carboxy group can
be easily cut down on metal surfaces!™, but the disso-
ciated hydrogen atom does not significantly perturb the
deprotonated molecule adsorbed on Fe(110). Therefore,
we only consider deprotonated amino acids to be dis-
cussed. The initial adsorption modes were shown in Fig.
2. The adsorption energy, E,qs, was defined as:

Eads = EHZNCHRCOO(ads) + EH(ads) - (EHZNCHRCOOH(g) + 2E‘Fe(s)) (1)
s s
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Fig.2 Schematic representations of glycine (a), alanine (b),
and leucine (c) bound to a metal surface
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Where E}; \curcoonss 1S the total energy of the sys-

tem containing the adsorbed deprotonated amino acid,
Ey a5 18 the total energy of the system containing the ad-

sorbed single hydrogen, E} \curcoon 1S the total energy

for the amino acid in the gas phase, Ep is the total

energy for the optimized solid Fe surface. By this defini-
tion, a negative value is favorable to the adsorption.

2 Results and Discussions

2.1 An Investigation of Iron Surfaces

The “Morphology” module provides three different
methods of calculating the habit of a crystal from its
internal crystal structure: Bravais-Friedel Donnay-
Harker (BFDH) method, growth morphology (GM) al-
gorithm, and equilibrium morphology (EM) method.
More details about these methods are given in Refer-
ences [26—27]. The calculated morphology parameters
for iron crystal through the three algorithms are sum-
marized in Table 1. It can be seen that the (110) face
possesses the largest proportion of the total crystal sur-
face area. As shown in Fig.3, for the three typical kinds
of iron surfaces, Fe(111) and Fe(100) surfaces have
relatively open structures, while Fe(110) is a density
packed surface and has the most stabilization, and it has
large enough surface area to contact with the adsorbate,
so we choose Fe(110) surface for the subsequent simu-
lation calculations.

Tab.1 Calculated morphology parameters for iron crystal
through different algorithms

F1 FRAEETHRRENEESSH

Total facet area/nm> Total facet area/%

i EM GM  BFDH EM GM BFDH
(110) 7.98x10° 4.16x10° 4.13x10°> 63.31 83.39 100
(100) 3.07x10° 5.47x10° 2438 11.61

(111) 1.55x10° 12.29

Fig.3 Top and side views of the Fe(100), Fe(111), and Fe(110) surfaces
(Balls in gray color denote the atoms at the first surface layer)

&3 Fe(100). Fe(111)F1 Fe(110)Tf A9 AR B AR IE (K AERFR RAIMNZIRET )
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2.2 Adsorption Geometries and Energies

The most stable configurations for the dissocia-
tive adsorption of glycine, alanine, and leucine on
Fe(110) surface are displayed in Fig.4. Some struc-
tural information as well as experimental corrosion
rate and inhibition efficiency are summarized in Table
2. As expected, the deprotonated molecule exhibits
tridentate bonding with the iron atoms through the

a Glycine

b Alanine

nitrogen atom and two oxygen atoms. Based on the
data in Table 1, the N—Fe and O—Fe bond lengths
are in the range between 0.2~0.22 nm, which is com-
parable to the sum of N/O and Fe atomic covalent

radii (7" + 7% =0.071+0.132=0.203 nm, 7° + 1 =

0.066+0.132=0.198 nm)**]. This implies that the che-
misorption really exists between three inhibitors and
the iron surface.

¢ Leucine

Fig.4 Top and side views of the most stable configurations for the dissociative adsorption of glycine (a), alanine (b), and leucine
(c) on Fe(110) surface (Only parts of the atoms of the slab model are shown for clarity)
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The adsorption energies for glycine, alanine, and
leucine on Fe(110) surface are —2.233 eV, —2.254 ¢V,
and —2.472 ¢V, respectively. Thus, leucine gives the
highest interaction energy of the three inhibitors, which
can be attributed to its slightly longer carbon chains in
the hydrophobic part. Many reports show that alkyl
chain length plays an important role in the inhibition
efficiency (IE)* %, The IE values of inhibitors eva-
luated can first increase and then decrease with the
length of the alkyl chain, this changes can be explained
as a result of the flexibility of alkyl chain. Because of
the strong chemisorption, the adsorption-induced cor-
rugation, as measured by Ahc, (defined in Table 2), is
about 0.014~0.018 nm. This phenomenon also occurs in
our previous work®'! about the adsorption of triazole
derivatives on the copper surface.

Tab.2 Calculated parameters for inhibitors on the Fe(110)
surface: minimum N/O-Fe distance (dy ., do,r.) maximum
vertical displacement of the surface Fe in contact with the
inhibitor (Ahpg.), adsorption energies (E,4s), and the expe-
rimentally evaluated corrosion rate (v) and inhibition effi-
ciency (IE)
®2 Fe(MO)RE LEMBFATESH

Compd dN,Fe/ dOl ,Fe/ dOZ,Fe/ AhFe/ Eads/ VY IEY/
nm nm nm nm eV (mma') %
Glycine 0.2177 0.2044 0.2045 0.0145 —2.233 3.33  78.9

Alanine 0.2249 0.2031 0.2039 0.0176 —2.254 3.13 80.2
Leucine 0.21650.2023 0.2006 0.0179 —2.472 1.31 90.6
*Reference [17].

2.3 Adsorption Induced Work Function
Changes

The surface electron work function (EWF) is one

of the most fundamental properties of a metallic sur-
face. It is the minimum energy required to remove an
electron from a solid to a point immediately outside the
solid surface. A practical way of evaluating work func-
tion is to compare the values of the Fermi energy (Ef)
and that of the electrostatic potential in a vacuum (V)
away from the surface, i.e., EWF=V.—E:*?. In this
work, the average potential profiles along z axis for
clean and modified Fe(110) surfaces are shown in Fig.5.
The obtained EWF values for clean, glycine-, alanine-,
and leucine- modified Fe(110) surfaces are 0.159 Ha,
0.147 Ha, 0.146 Ha, and 0.149 Ha, respectively. This
behavior of the work function variation is similar to that
calculated theoretically for the adsorption of the benzo-
triazole on reduced and oxidized copper surfaces”"). Then

o ) ) © @
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Fractional coordinate

04 L L L

02 L L L

-1500 -1500 -1500 -1500
Electrostatic potential /Ha

Fig.5 The average potential profiles along z axis for clean (a),
glycine- (b), alanine- (¢), and leucine- (d) modified Fe(110)
surfaces
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we can conclude that the reduced work function after
adsorption should diminish any reaction that donates
electron(s) to the metal, such as the adsorption of cor-

rosive chloride anions CI_, — Clygst€metal), dissolution

solv
of metal (e.g., Fegiia — Fell +2€meir), or oxidation of
metal (e.g., 2Fe+0,+H,0— Fe,O; + 2H* +2e).

2.4 Projected Density of States

Analysis of the projected density of states (DOS)
of the adsorption can give an indication of the inhibi-
tor—substrate bonding interaction that occurs. As shown
in Fig. 6, the DOS for iron atoms in the first substrate
layer consists mainly of narrow 3d-band. Generally, the
most relevant states for chemisorption are those located
around the Fermi energy (Er)"**!. While Fe has a large
density of d-states at the Er. Besides, the orbital of the
different reactive sites (N and O atoms) in the inhibitors

‘E
0 . :
= 8 :
5 : glycine ;
<
&
z
= 4
0
Energy/eV
a Glycine
E
= 8 :alanine
g
<
=
L 4
a
0 1 )
-10 -5 0 5
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16 i E
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12

DOS(arb.units)
o]
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0
-10 -5 0 5
Energy/eV
¢ Leucine

Fig.6 Density of states projected to inhibitors and Fe atoms
for the three stable adsorption configurations in Fig.4
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have the corresponding peak values at some same
energy level with Fe 3d-orbitals. This indicates that a
strong hybridization may occur between them. We also
found that the DOS for the second layer Fe atoms show
very little change after adsorption. This means that
there is some interaction between this substrate atom
and amino acid, but it is not as strong as with the sur-
face Fe atoms.

2.5 Charge Density Difference

To further understand the adsorption of amino acid
molecules on Fe(110) surface, we calculate the charge
density difference (Ap), which is defined as follows"'):

Ap:pmol/sur (7") _psur(r) _pmol(r) (2)

Where Pmovsur(7), Psur(r), and puo(r) are the total
density difference of the system, the clean surface of
iron, and the isolated amino acid molecules, respec-
tively. The electron density difference for the three ad-
sorption configurations is shown in Fig.7. Blue and red
regions indicate the electron accumulation and deple-
tion, respectively. We can see that the electron density
is depleted from amino acids molecules, and accumu-
lates on the iron atoms (blue area), which indicates the
forming of the covalent bonds. Hirshfeld charge analy-
sis shows that the total charge of modified iron surface
is negative, and the values are —0.14 e, —0.16 e and
—0.18 e from glycine to alanine and leucine systems.
This suggests that leucine has the strongest elec-
tron-donating ability and then presents the best corro-
sion inhibition performance, which is consistent with
the experimental observations.

b Alanine

a Glycine

¢ Leucine

Fig.7 Charge density difference for the glycine-, alanine-, and
leucine-modified Fe(110) systems (The blue region denotes
electronic accumulation, while the red region represents elec-
tronic loss)

K7 HEER ., WERMSEZARBEMR) Fe(110)M R i HLT %
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3 Conclusions

The present work aims to understand the iron cor-
rosion inhibition mechanism. We investigated in details
the interaction of three amino acid molecules with the
Fe(110) surface. Our intensive DFT calculations show
that the dehydrogenated amino acid molecules have
strong coupling with the Fe(110) surface. During the
adsorption process, electrons were transferred from the
amino acids molecules to the substrate. The plot of the
DOS indicates that there exist covalent bonds between
the inhibitor molecule and the surface atoms. The cal-
culation results obtained and analyzed in this paper
provided fundamental information which is difficult to
obtain in experiments. The findings will contribute to
the understanding of the anticorrosive mechanism of
similar organic inhibitors.
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