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1.1 Experimental determination of corrosion
inhibition efficacy

For comparison with experimentally determined corrosion in-
hibition efficacy, the results from Harvey et al. are presented
alongside the calculated values. Within the Harvey data set
corrosion inhibition efficacy is referenced against the industrial
chromate standard, with the inhibitor efficiencies calculated us-
ing the weight loss of the respective alloys in 0.1 M NaCl as a
baseline as defined in reference ':
w—w

1% = x 100

ey

where, 1% is the inhibitor efficiency (%); w is weight loss of
panels after 4 weeks immersion in 0.1 M NaCl solution alone;
and w' is the weight loss of panels after 4 weeks immersion
in 0.1 M NaCl + 1 mM inhibitor. Thus a compound with 0%
inhibitor efficiency would show the same degree of corrosion
as 0.1 M NaCl; and the inhibitor would be considered to be
100% efficient if the mass loss was equivalent to the chromate
standard. Conversely, compounds with negative experimental
inhibition efficacy act as a corrosion accelerator rather than as
an inhibitor.

1.2 Basis set dependence

Before analysing the entire set, we first examine the uncer-
tainties associated with the computational method using three
molecules with experimentally determined IP values (Thiophe-
nol, Pyridine, 2-mercaptobenzothiazole). It is clear from Table
1, that the calculated molecular IP values of thiophenol, pyri-
dine and 2-mercaptobenzothiazole are basis set choice depen-
dant. Minimal basis sets such as STO-3G seriously underes-
timate molecular IP, and also, to a lesser extent, the SIESTA
DZP basis set; which lacks diffuse functions. It can be summa-
rized from these results that the choice of basis set does affect
molecular IP, and that introducing polarization and/or diffuse
functions, can improve the numerical prediction of molecular
IP. While the 6-311++G basis set does provide closely match-
ing molecular IP energies for thiophenol and pyridine, it fails to
accurately predict the molecular IP of 2-mercaptobenzothiazole
(2-MBT). Considering that the 6-311++G** basis set gives re-
sults within a few percent of the experimental values for the

basis set Thiophenol Pyridine  2-MBT'
IP (eV) IP (eV) IP (eV)

NIST reference | 8.302 9.267 7.992
DZP’ 7.42 8.67 7.40
STO-3G 5.99 7.80 6.02
3-21G 8.10 9.10 8.24
6-21G 8.06 9.08 8.21
6-31G 8.03 9.09 8.19
6-311G 8.18 9.24 8.33
6-311+G 8.20 9.31 8.35
6-311++G 8.20 9.31 8.35
6-31G** 7.90 9.15 7.86
6-314++G** 8.06 9.34 8.02
6-311++G** 8.09 9.38 8.05
cc-pVDZ 7.97 9.21 7.91
aug-cc-pVDZ 8.07 9.33 8.02
cc-pVTZ 8.05 9.30 7.99
aug-cc-pVTZ 8.08 9.35 8.03

Table 1 NIST IP reference and vertical IP dependance on basis set
choice. ’ denotes a SIESTA calculation. T 2-mercaptobenzothiazole
(MBT)

sub-set of molecules examined, it was selected for all future
calculations.

Thiophenol and pyridine molecular IPs as calculated by
SIESTA were within 11% of the NIST (eval) reference en-
ergy, Gaussian (6-311++G**) results were significantly more
accurate, <3% of the reference energy. It can be general-
ized from the data, that with the exception of molecule 4-
mercaptobenzoate, that SIESTA consistently underestimates
molecular IP, as expected of a minimal basis set. This under-
estimation may also be related to the use of pseudopotentials
in SIESTA calculations, c.f. Gaussian09 (all electron) calcula-
tions.

1.3 Small organic molecules as corrosion in-
hibitors

The contextual use of five selected corrosion inhibitor candi-
date molecules, along with their presented optimised geome-
tries are presented below.

Molecule 1H, Thiophenol also known as benzenethiol
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(CgHgS), is a small organic molecule which has been reported
to protect iron surfaces in an acidic medium?3. On AA-2024-T3
it has been experimentally determined to exhibit similar corro-
sion inhibition to chromate! and is an effective AA-2024-T3
corrosion inhibitor, featuring only a thiol functional group.

Molecule 11, Pyridine (CsH5N), is commonly used as an
organic solvent and is an excellent example of a terrible AA-
2024-T3 corrosion inhibitor, however, as an ubiquitous organic
solvent a wealth of experimental data is available for compari-
son, hence its inclusion. This is an excellent example of a low
molecular weight molecule which is also a heterocyclic com-
pound, and has been reported to actually accelerate corrosion
for some alloy formulations '

Molecule 2B, Benzotriazole (C4H;5N5), has been reported as
a very effective corrosion inhibitor on a variety of materials in-
cluding AA-2024-T3!, AA-7075-T6 "', and Cu®. It is a classic
example of an N containing heterocyclic compound. It also
finds utility as an additive in aircraft deicing and for protect-
ing silverware during dishwashing, however it and some of its
derivatives have been identified as being toxic to aquatic life>.

Molecule 1C, Diethyl(dithiocarbamate) (CsH;)NS,), is
commonly used as a copper chelating agent when prepared as a
sodium salt® and has been reported to exhibit almost equivalent
corrosion inhibition on both AA-2024-T3 and AA-7075-T6 al-
loys!. It has established inhibition properties on cold rolled
steel”, copper?®, and brass®. This molecule is an example of a
corrosion inhibitor which is a well established copper chelating
agent, and incidently occupies a relatively large volume given
its molecular weight.

Molecule 1W, Mercaptopropionate (C3H50,S), was recently
identified as an equivalent corrosion inhibitor to the chromate
standard when assessed via mass loss measurement on AA-
2024-T3'. Within the calculated data set, this molecule is
unusual as it features both a carboxylate and thiol functional
groups in a linear conformation.

For these five inhibitor molecules their respective geometry,
calculated bond angles and lengths are presented in Figure 1.
Here, experimental bond lengths and angles were directly com-
pared wherever possible, however in some instances where un-
available. Such values were obtained from analogue molecules,
and are denoted by an asterisk eg. thiophenol ®ccc was taken
from the corresponding angle in nitrobenzene. As can be seen
from Figure 1, the bond lengths and angles of molecules 1H,
11, 1C, 1W and 2B are in good agreement with experimental

values 10,
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1H Calc. Exper.
dgy | 1.37A | 1.33A*
de | 1.77A | 1.80A
dey | 1.10A | 1.10A
O | 97° 100 °*
Occc | 120° | 120°*

1l Calc. Exper.
doy | 1.38A | 1.34A
dyc | 1.34A | 1.34A
dec | 1.40A | 139A
de | 1.10A | 1.10A
Oove | 119° 117°
Occc | 117° 118°

2B Calc. Exper.
dyy | 1.37A | 136A
dye | 1.30A | 1.30A
dgw | 1.36A | 1.33A
deye | 1.38A | 1.33A
dey | 1.10A | 1.10A
Occc | 121° | 120°*
Oy | 109° | 110°*

elw Calc. Exper.
dgy | 1.37A | 1.33A*
des | 1.82A 1.80A
dee; | 1.53A | 1.53A
dee; | 1.51A | 1.52A
deoy | 1.26A | 1.26A
deo, | 1.26A | 1.26A
dey | 1.10A 1.10A
Busc | 97° 100 °*
Bccc | 110° | 111°*
Boco | 116° | 123°*
elC Calc. Exper.
deyy | 1.46A | 1.46A
deyo | 1.34A | 1.35A
desy | 1.69A | 1.72A
des; | 169A | 1.72A
dgy | 1.10A | 1.10A
Oy | 121°

Byes | 126°

O | 109° -

Figure 1 Comparison of bond lengths and angles of selected organic corrosion inhibitor molecules; yellow=sulphur, red=oxygen,

blue=nitrogen, grey=carbon, white=hydrogen.
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Figure 2 Structural representations of the Harvey data set, indicating bond lengths and angles of corrosion inhibitor molecules;
yellow=sulphur, red=oxygen, blue=nitrogen, grey=carbon, white=hydrogen.

Figure 3 Structural representations of the Harvey data set, indicating bond lengths and angles of corrosion inhibitor molecules;
yellow=sulphur, red=oxygen, blue=nitrogen, grey=carbon, white=hydrogen.
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1.5 Structural representations, bond lengths and angles of all calculated molecules

ID IR 1S 1T 1U v W 1X 2A 2B 2C 2D 2E
dey (A) 1.10 1.10 1.10 1.10 1.10 1.10 1.10 - 1.10 1.10 1.10 1.10
dee () 1.41 1.39 1.41 1.53 1.52 1.53 1.52 - 1.40 1.40 1.41 1.41
deo (A) 1.27 1.26 1.28 1.27 1.27 1.27 1.27 - - - - -
den (A) - - 1.33 - - - - 1.31 1.38 1.39 1.38 1.38
des (A) - 1.79 1.76 1.82 1.82 1.82 - 1.76 - 1.76 1.76 1.76
dye (A) - - 1.34 - - - - 1.31 - 1.32 1.30 1.30
dyy (A) - - - - - - - 1.36 1.30 - - -
dyg (A) - - - - - - - - 1.01 1.01 1.01 -
don (A) 0.97 - - 0.98 - - - - - - - -
dgy (A) - 1.38 1.38 1.38 1.37 1.37 - 1.37 - 1.37 1.37 1.37
Occc® 120 120 120 - - - - - 116 117 119 118
@ZOZO - - - - - - - - - 114 - -
ONNN® - - - - - - - - 109 - - -
Ocne® - - 118 - - - - - - - 110 110
®oco’ 125 126 125 127 126 126 126 - - - - -
Table 4 Bond lengths and angles as calculated by SIESTA/DZP.
ID 1A 1B 1C 1D 1E 1G 1H 11 1J 1K 1L M IN 10 1P 1Q
dey (A) - 110 110 1.10 1.10 1.10 1.10 110 1.0 1.10 1.10 1.10 1.10 1.10 1.10 1.10
dec (A) 142 142 152 140 140 140 140 140 140 140 140 140 140 140 140 140
deo (A) - - - - - 1.27 - - 127 128 127 127 127 127 126 127
dey (A) 134 134 136 134 134 - - 1.34 - - - 134 134 134 134 -
des A 177 - 173 1.77 - - 1.77 - - - 177 1.77 - - - 1.77
dye A) 134 134 146 135 134 - - 1.34 - - - 133 134 134 134 -
dyg (A) 1.01 1.01 - - - - - - - - - - - - -
don (A) - - - - - - - - 0.97 - - - - - -
dsy (A)  1.38 - - 1.38 - - 1.37 - - 137  1.37 - - - 1.37
Occc® 115 115 - 116 116 120 120 119 119 121 120 119 118 119 118 120
Onen® 129 127 - 128 128 - - - - - - - - - -
Ocne® - - 117 - - - 117 - - - 117 117 117 117 -
®oco’® - - - - - 126 - 126 125 126 126 126 126 126 126
Oscs® - - 125 - - - - - - - - - - - -

Table 3 Bond lengths and angles as calculated by SIESTA/DZP.



